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ABSTRACT 

This new experiment consists in combining a Wilson cloud expansion apparatus 
with Geiger-Miiller electron-counters in a manner whi-h allows the simultaneous 
study of individual cosmic-ray particles by the two methods. Its purpose was to see 
whether the coincidence effect in electron-counters is actually caused by the passage 
of an ionizing particle through them as has been generally assumed. This was con- 
sidered desirable because it was felt that the several conflicting cosmic-ray experi- 
ments could perhaps be more satisfactorily explained by assuming the coincidences to 
be produced by photons. In this work a series of expansion photographs was taken 
under experimental conditions which allowed a definite correlation of an ion-track ap- 
pearing in the expansion chamber with a discharge of a Geiger-Miiller counter. It was 
found that the discharges of a counter due to cosmic radiation are accompanied by 
ion-tracks resembling those due to fast 3-rays from radioactive sources. This result 
means that, in accord with previous beliefs, the coincidence effects are caused by ioniz- 
ing particles. The best assumption we can make at present appears to be that these 
are high-energy electrons. The possibility that these effects are due to photons appears 
to be excluded, so that the reconciliation of the conflicting experimental data in this 
field will have to follow ot*er lines. 


INTRODUCTION 


INCE the discovery by Bothe and Kolhérster! that the cosmic radiation 

produces simultaneous discharges when passing through two Geiger- 
Miiller? electron-counters placed one above the other, it has been generally 
assumed that this “coincidence effect” is caused by the passage of an ionizing 
material particle (presumably a high-energy electron) through the counters. 
This view appeared entirely reasonable, for the only other simple hypothesis, 
that the effect is caused by the passage of a photon through the counters, 
was shown by these investigators to be unable to account for their result un- 
less some new phenomenon was concerned. On the other hand it is interesting 
to note that the recent failure of attempts by Rossi’ and by Mott-Smith* to 
produce a magnetic deviation of these corpuscles could perhaps be more satis- 


1W. Bothe and W. Kolhdérster, Zeits. f. Physik 56, 751 (1929). See also the more recent 
work of B. Rossi, Cim. (N. S.) 8, 49, (1931) No. 2. 

2H. Geiger and W. Miiller, Phys. Zeits. 29, 839 (1928). 

3 B. Rossi, Rend, Acc. dei Lincei 2, 478 (1930). 

*L. M. Mott-Smith, Phys. Rev. 37, 1001 (1931). 
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factorily explained on the basis of photons. In these experiments, which were 
made with apparatus involving coincidences in electron-counters, no detecta- 
ble magnetic deflection of these supposed electrons was observed, though in 
the work by Mott-Smith, electrons with an energy of as large a value as 2X 
10° e-volts would have given a readily measurable effect. As has been pointed 
out by the above investigator, there are at present certain serious difficulties 
in interpreting these experiments to mean that an electronic radiation of such 
enormous energy exists. If, however, the coincidence effects were produced 
by the passage of a photon through the apparatus, the lack of deflection is 
at once explained. In addition, if this were the case it would be clear at once 
why the Bothe and Kolhdérster! absorption experiments with counters gave 
the same cosmic-ray absorption coefficient as that obtained by the electro- 
scope work. It must be added, however, that essential additions to the known 
properties of photons would have to be postulated to allow this interpretation. 
In view of our relatively uncertain experimental knowledge with regard to 
the nature of y-type radiation having the penetrating power of the cosmic- 
rays it is believed that such a procedure might be allowable. 

A further difficulty with ascribing the coincidence effects to photons comes 
from the work of Skobelzyn.’ From his work with the Wilson expansion- 
chamber it is known that the earth’s surface is being bombarded by a radia- 
tion composed of high-energy electrons whose energy, intensity, and distribu- 
tion about the vertical indicate that it is in some way connected with the cos- 
mic radiation. It has been assumed that this radiation is the same as that 
responsible for the coincidence effects. However, this assumption rests on 
rather indirect and approximate considerations which might be questioned 
in view of the result of the deflection experiments as well as the other diffi- 
culties in this field. 

Consideration of the foregoing type led us to look for a direct experimental 
method which could decide between these two possibilities. 


EXPERIMENTAL 
General considerations. 


It was decided that a suitable method consisted in combining a Wilson 
cloud-chamber with Geiger-Miiller counters in a manner that permitted the 
simultaneous study of individual cosmic-ray particles (or photons) by the 
two methods. For example, if a cloud-chamber is interposed between two 
counters so that every particle which operates the counters by passing 
through them must also pass through the chamber, ion-tracks appearing in 
the chamber can be correlated with the discharges of the counters. This cor- 
relation can be made quite definite. A track in the chamber will only be 
formed during a time-interval of about 0.05 sec. just after the expansion is 
completed, so that only particles which operate the counters during this in- 
terval can be expected to produce a track. Since with the counting-rates at- 
tainable the chance of obtaining more than one discharge during the “sensi- 
tive” interval is negligibly small, the appearance of tracks at the expansions 


5 D. Skobelzyn, Zeits. f. Physik 54, 686 (1929), 
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for which the counters discharged during this interval is a definite indication 
that the discharge and the track were produced by the same particle. 

If a correlation between such tracks and the counter discharges were 
found, it would be good evidence that the coincidence effects in electron- 
counters are caused by ionizing particles. A failure to find tracks associated 
with the discharges would speak in favor of photons if these are assumed to 
have the properties of ordinary y-rays, since such photons are known to pro- 
duce no observable track in traversing a cloud-chamber. The question arises, 
however, whether it is possible to distinguish in this manner between ioniz- 
ing particles on one hand, and on the other, photons for which the minimum 
of new properties are postulated which suffice to account for the coincidence 
effects. In order that a cosmic-ray photon may cause the observed coincidence 
phenomena it must be nearly certain to produce at least one ion in each 
counter through which it passes. On the Compton theory the average energy 
given to the recoil electrons is in the case of cosmic radiation so great that the 
“mean free path” of the photon is too large to give even a fair probability of 
production of an ion in each counter. What is needed here is an additional 
process, by which such a photon can produce a series of low-energy ions along 
its path in a manner analagous to the ion-track formation by @-particles or 
other ionizing particles. To explain the coincidences, these “photon-tracks” 
would need to have only one or less ion-pairs per cm path in air under normal 
conditions. Hence such an interpretation might be allowable without contra- 
dicting existing experimental facts, particularly since such a process need be 
postulated only for high-energy photons. However, it appears fairly certain 
that these hypothetical photon-tracks cannot be assumed to have anything 
approaching the density of ionization of those due to even the fastest 6-par- 
ticles. This is on account of the unallowably great loss of energy which the 
photon would undergo in passing through absorbing media. Accordingly, the 
presence or absence of ion-tracks associated with the counter-discharges can 
be expected to give the desired information. 


Apparatus and preliminary tests. 


The apparatus which was actually set up differs from the arrangement 
described above (for purposes of illustration) on account of certain experi- 
mental difficulties. Instead of placing two counters one above and one be- 
neath the expansion-chamber, a single counter was used, located directly 
above the chamber. This simplification was found necessary because it turns 
out that with any feasible arrangement involving two counters the passage 
of cosmic-ray corpuscles through the pair is altogether too infrequent to 
render the experiment possible. However, our single-counter arrangement is 
capable of giving just as significant results. In the first place, as will appear 
below, we can expect that a sufficiently large fraction of the discharges of the 
single counter are due to cosmic-ray corpuscles which pass through the ex- 
pansion chamber. Secondly, it is known from the work of Bothe and Ixol- 
hérster and others that the ratio of the cosmic-ray counting-rate for the single 
impulses of one counter to that for paired coincidences in two such counters 
is about what is expected from the geometry of the arrangement, assuming 
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that all the particles which give the single impulses would give coincidences 
if a second counter were in position to receive them. Accordingly, there can 
be little doubt that in our experiments with the single counter we are studying 
the corpuscles which are responsible for the coincidence effects. 

The relative positions of the expansion chamber / and the Geiger-Miiller 
counter 7, 72, as well as of the cameras C for taking the expansion-photo- 
graphs are indicated by Fig. 1 which represents two side-elevations of the ap- 
paratus. (The cameras have been schematically represented in this figure by 
simply drawing the plates and lenses.) It will be noted that two counters are 
shown (at 7; and 72). These, however, are connected to the amplifier (see 
Fig. 2) in such a manner that they operate exactly like a single counter of 
larger cross-sectional area, and can be so considered in what follows. 
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Fig. 1 

The expansion-chamber is the same as that previously described by 
Locher;® its details need not be entered into here. The operation of the cham- 
ber was tested by observing the tracks due to recoil 8-particles produced by 
the y-radiation from a small quantity of radium, filtered through 3 mm of lead. 
This test was repeated at frequent intervals during the taking of the expan- 
sion photographs to insure that the expansion-chamber and associated appa- 
ratus remained in proper working condition. The source of illumination was 
a new type of mercury “flash” arc, developed by the junior author, a full ac- 
count of which will be published in a separate article. 

The Geiger-Miiller counters were of a simple construction similar to that 
used in the first work of Bothe and Wolhérster.' A section through one of 
them is shown in Fig. 1. The tubes were brass of 1.0 mm wall thickness with 
hard rubber end-pieces carrying little brass holders to which the central wire 
was attached. The wire was tungsten about 0.076 mm in diameter and had no 
special treatment of the surface except careful removal of dust just before 
introduction into the counter. The counter contained air at about 7 cm of 
mercury pressure. 

Tests of the counting-rates of the two counters gave a value of about 55 
impulses per minute for each, a rate which is about normal for tubes of these 


®G.L. Locher, J.0.S.A. & R.S.1. 19, 58 (1929). 
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dimensions and under our conditions of sea level and about one meter water- 
equivalent shielding by the parts of the building above the apparatus. Sensi- 
tivity tests with y-radiation from a small quantity of radium were also satis- 
factory, one milligram of radium at 4.6 meters increasing the count to about 
150 discharges per minute. 

It is also necessary to know what fraction of the counter-discharges are 
due to cosmic radiation. To find what fraction of the count is due to radio- 
active y-radiation from the surroundings, the counting-rate of one of the 
counters was determined while it was shielded on all sides by a lead shield 
approximately 2.5 cm thick. This shield reduced the count from 58.8 to 34.5 
per minute. The effect of this shield on the intensity of the local y-radiation 
was calculated by taking the absorption coefficient of this radiation to be 0.49 
per cm of lead. Its effect on the cosmic radiation could be neglected. It is also 
necessary to allow for the “zero count” due to the radioactivity of the counter 
itself and other internal causes. For this the value 6 impulses per minute 
based on the determination by Bothe and Kolhérster was taken. This ap- 
proximation was made on account of the difficulty of making tests with the 
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counter in a completely radiation-free region. In this manner it was deter- 
mined that 0.30+0.05 of the discharges of the counters were due to cosmic 
cadiation. 

Fig. 2 shows very schematically the auxiliary apparatus of interest. The 
source of potential for the counters, J7, consisted of a thermionic rectifier and 
condenser furnishing the required potential of about 1500 volts. The amplifier 
-l was of the usual three-stage vacuum-tube variety. It operated the relay R 
which had a fairly light armature and was adjusted to operate with as short 
a time lag as possible. Oscillographic tests showed that the relay remains 
closed for somewhat less than 0.01 sec. at each counter-impulse. This relay 
closed the circuit as indicated. The purpose of this circuit and associated ap- 
paratus was to signal the occurrance of a counter-discharge during the time 
interval that the expansion-chamber is in the sensitive condition, an event 
which may be termed a coincidence. The operation of this “coincidence sig- 
nal” will be clear from an examination of the figure. The expansion is made 
by setting the cam J/ into rotation as indicated by the arrow. Carried on the 
same shaft with the cam is a finger F which closes a pair of contacts just after 
the expansion is completed and keeps them closed for a predetermined inter- 
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val. This finger was adjusted so that it held the contacts closed only during 
the sensitive interval. (The adjustment was made by observing tracks due to 
photoelectrons from a short flash of x-rays which could be made to occur at 
varying time intervals after the expansion. Tests with an oscillograph showed 
that these contacts remained closed for an interval of 0.06 sec.) Thus the 
signal lamp Z will only light when a coincidence occurs. Observation of the 


signal lamp during the taking of the expansion photographs allowed the coin- 
cidence photographs (on which a track might be expected) to be distinguished 
from those for which there was no discharge of the counter. For convenience 
the coincidence photographs are designated as C-photographs while the rest 
are called N-photographs. 


Procedure and results. 


The principal experiment consisted in setting the counters in operation 
and taking a series of expansion photographs. These were separated into the 
C and NV groups with the aid of the coincidence signal by marking on the 
films (just after taking the photograph) those exposures for which a coinci- 
dence occurred. 

In agreement with the work of Skobelzyn, an examination of these photo- 
graphs revealed a considerable number of very thin straight tracks resembling 
those due to the fastest of ordinary 8-rays, but somewhat thinner. An inspec- 
tion of magnified sections of several of these tracks indicated that the number 
of ions per cm path was about half of the value observed for an average recoil 
B-particle from radium C y-rays filtered through 3 mm of lead. We were not 
equipped to show, in the manner done by Skobelzyn,* that a majority of these 
tracks were not appreciably deflected in a magnetic field of such strength 
that it could strongly deflect 8-rays from radioactive sources. However, on 
account of the positive result of the present experiment it cannot be doubted 
that a considerable fraction of these tracks were due to cosmic corpuscles. 
Further evidence in this direction came from a study of the distribution a- 
bout the vertical for the 134 thin straight tracks which were found on our pho- 
tographs. It was found that this‘distribution was in approximate agreement 
with the distribution of cosmic-ray particles observed by Tuwim.’ 

It was necessary to know the position and direction of each of these tracks 
not only for obtaining the distribution just mentioned but also on account 
of the following circumstance. In attempting to establish a correlation be- 
tween a certain track appearing on a C-photograph and the discharge of the 
counter, we must make use of only the tracks whose prolongation passes 
through the counter. Tracks which do not fulfill this condition are due to 
cosmic corpuscles which entered the chamber without passing through the 
counter, to radioactive 8-particles originating within the chamber, or other 
spurious causes. These tracks, of course, must be excluded from consideration. 
For these reasons a stereoscopic analysis was made of the 134 tracks. This 
was done by a visual reconstruction method similar to that used by Curtiss® 


7 Leo Tuwim, Berliner Ber. No. 4/5, p. 91, (1931). 
* F. L. Curtiss, Bureau of Stds. Jour. of Res. 4, 663 (1930). 
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which allowed fair accuracy with considerably less labor than an analytical 
method. 

With the present single-counter arrangement, it is evident that not all 
the C-photographs can be expected to show a track of the significant kind. 
Besides, a certain number of such tracks must be expected on the N-photo- 
graphs due to spurious causes. Hence what must be looked for is whether 
there is a significantly larger probability of finding a track (of the required 
type) on a C-photograph than on an N-photograph. Accordingly, the proba- 
bility of finding such a track on a photograph was computed for each of the 
two classes of photographs from the experimental data. 


T ABLE I. Numerical results. 








a ancien of Meitinens Probability of occurrence 
Series ‘ 96 tracks observed on | of a track on 
C-Phot. N-Phot. i C- Phot. X- Phot. | C-Phot. | N-Phot. 
1 — 659 — 15 - | 0.023+0.004 
2 68 — 6 — | 0.088+0.024 | - 
3 69 448 | 6 11 0.087 +0.024 | 0. 025 +0, 005 
Averages | | 
and | 137 1107 12 26 | 0.088 +0.017 1 0.024 +0 .003 


totals = _ 





The numercial results are presented in Table I. It will be noted that th» 
data for the C-photographs are missing tor the first series while those for the 
N-photographs are for the second. This apparent inconsistency is due to the 
fact that during the taking of the first series only the upper of the two count- 
ers (72) was employed. After examination of both the NV and the C-photo- 
graphs in this series, it was found that the chance of a cosmic-ray particle 
passing through this counter and the chamber was too small to render the 
experiment feasible. In order to increase this quantity to a reasonable value, 
the second counter (7;) was added before taking the remainder of the photo- 
graphs. Since the examination and stereo-analysis of the numerous N -photo- 
graphs involved considerable labor, this class of exposures for the second 
series was not examined but those from the first series are to be used for com- 
parison with the C-photographs of the second. This procedure is legitimate 
since no changes were made in the manner of taking the photographs or in 
the expansion chamber, and the taking of the N-photographs is quite inde- 
pendent of the presence of the counters. 

Comparing the probability of finding a significant track on an N-photo- 
graph to that on a C-photograph, it is seen that a considerably higher value 
is found for the latter. The probable error has been computed by taking the 
statistical error of the number of observed tracks to be 0.67 N'?, where N 
is this number. The difference between the two averages (0.088 and 0.024) is 
0.064, while the probable error of the difference is 0.017. Accordingly it is 
very unlikely that this differences is accidental. The fact that the values for 
the last series check with the previous ones even better than could be hoped 
is also evidence in this direction. 
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This result indicates a definite correlation between the discharges of the 
counter and the appearance of a track in the chamber. Or, in other words, 
at least one of the agents which cause the discharges of the counter produces 
tracks in the expansion-chamber. It must now be shown that this agent is 
the cosmic-radiation. One possibility is that our result is due to 8-particles 
from radioactive sources. One simple way to account for it is to assume that a 
B-particle which originates inside the counter reaches the interior of the cham- 
ber, or vice versa. This particle must do so without undergoing much devia- 
tion and while still endowed with considerable energy. In order to pass from 
counter to chamber the @-particle has to penetrate through an amount of 
material corresponding to about 4+ meters of air. It is evident that ordinary 
B-particles or recoil electrons due to y-radiation from radioactive sources do 
not have sufficient penetrating power to make such an event possible. An- 
other way by which the present result might be explained is to assume that 
a primary y-ray or cosmic-ray photon produces a recoil electron in the counter 
and that the scattered photon in turn produces a second recoil electron in the 
chamber, whose track is observed. This process has been considered by Bothe 
and Wolhérster! as a possible explanation of coincidences between two count- 
ers. Their analysis also applies to our case. They found that the chance of 
occurrence of this compound process is so small that it can only account for 
a negligibly small part of the observed coincidences. Accordingly we can con- 
clude that our result cannot be explained in this way. It seems that the only 
possibility remaining is the one previously indicated, namely that the track is 
produced by a cosmic-ray particle which travels through both the counter 
and the chamber. Further evidence for the correctness of this view comes 
from the following calculation of the probability of finding a track on a C- 
photograph which may be expected on this assumption. 


Calculation of C-probability. 


In making this calculation two numerical factors are needed, the first 


due to the fact that not all the counter-discharges are due to cosmic radiation, 


the second on account of the circumstance that only a part of the cosmic- 
ray corpuscles striking the counters will pass through the expansion-cham- 
ber. The first factor, the fraction of the counter impulses due to cosmic radia- 
tion, was found in the manner already described to be 0.30 +0.05. The second 
quantity is the quotient of the number of particles passing through both the 
counter and the chamber by the total number striking the counter. It was 
approximately calculated by a simple geometrical consideration and under 
the assumption (justified by the work of Tuwim’ and others) that the cosmic- 
radiation can be considered as all arriving within an angle of 70° from the 
vertical. The absorption of the radiation in passing from the counter to the 
interior of the chamber could, of course, be neglected. In this manner the 
value 0.066 + 0.015 was found for the calculated probability of occurrence of a 
track on a C-photograph. In comparing this value with the experimental 
value 0.088 it must be noted that a portion of the tracks on the C-photographs 
are due to spurious causes. A rough assumption which may be made to allow 
for this fact is to take the probability of finding a spurious track on a C- 
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photograph to be the probability of occurrence of a track on an N-exposure. 

Accordingly the experimental value becomes 0.088--0.024 or 0.064 which is in 

good agreement with the calculated quantity. The closeness of this agreement 

is, of course, accidental on account of the uncertainties in both values but the 

comparison shows that our experimental value is about what can be expected. 
DIscUssION 

It seems reasonable to conclude from the foregoing that the cosmic-ray 
corpuscles which cause the coincidence effects in Geiger-Miiller counters pro- 
duce ion-tracks resembling 8-ray tracks. It does not appear possible that 
such tracks could be produced by photons, so that, in agreement with previ- 
ous beliefs, it appears that the coincidence effects are due to material par- 
ticles. Accordingly the present result indicates that attempts to explain the 
coincidences by the direct action of photons must be abandoned. 

Another interpretation of this experiment which requires consideration is 
to suppose that the observed tracks were due to a particle of secondary origin 
produced by a primary corpuscle which causes the coincidences but whose 
passage through the cloud chamber was not detected.* As had been indicated 
above, these tracks could not be due to a secondary recoil electron produced 
by a photon as the primary corpuscle. However, the possibility remains that 
they were produced by a primary material particle, such as a high-energy 
electron, whose passage through the chamber was not detected, perhaps be- 
cause the track of ions which it leaves is too thin to be observable. Although 
further work on this subject may show this to be the correct interpretation of 
the present experiment, it appears to us that the following circumstances 
speak against this view. The foregoing calculation of the chance of finding a 
track on a C-photograph shows that practically all the cosmic particles which 
pass through both the counter and the chamber produce an ion-track. This 
means that to render this hypothesis tenable, every primary particle passing 
through the chamber must produce a secondary one therein. Moreover, on 
account of the requirement that the observed tracks must be directed to pass 
through the counters, these secondary particles must be set off roughly in the 
direction of the primary one. If the primary particle were to produce relatively 
high velocity secondary ones as frequently as is necessary to account for the 
present result, its penetrating power would be less than is observed unless it is 
assumed to have an excessively high initial energy. Furthermore, it is felt 
that the second requirement cannot be readily met, though in absence of any 
exact knowledge of such a process in this region of energy little more can be 
said. Accordingly, it seems that the best assumption we can at present make 
is that both the discharge of the counter and the associated track are directly 
caused by a single cosmic-ray particle as originally supposed. 

With regard to the character of these material particles very little can be 
said with assurance. At first sight it would seem that the thin tracks we have 

* While this article was in preparation, a paper by Jeans appeared in which he states that 
the result of the magnetic deflection experiments must be taken to mean that the coincidence 


effects are due to photons. We believe that our present result renders this view untenable. J. H. 
Jeans, Nature 128, 103 (1931). 
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observed could be produced by nothing other than high-energy electrons. 
Furthermore, if, as seems fairly certain, these tracks are of the same character 
as those observed by Skobelzyn, from this work comes additional strong evi- 
dence in this direction. However, if such were the case, it would have to be 
assumed, on account of the electron-counter absorption experiments,! that 
these electrons constitute the major part of the primary cosmic radiation. 
Then the magnetic deviation experiments as well as the observed lack of de- 
pendence of the intensity of the cosmic radiation on the magnetic latitude® 
would require that the energy of these electrons be the enormous value of the 
order of 10" e-volts. This at present seems improbable not only on the grounds 
of explaining how the electron acquires this enormous energy but also be- 
cause on present theoretical ideas the penetrating power of such an electronic 
radiation would be considerably greater than is observed for the cosmic-radia- 
tion. The same sort of difficulties would apply if the coincidences were due to 
protons and perhaps if they were due to heavier particles, through the ob- 
served small density of ionization seems to speak against the possibility that 
they are even of the mass of a proton.!° 

Another possibility which should be mentioned is that we may be dealing 
with a totally new type of particle. Recently the existence of such a particle, 
the “neutron,” has been tentatively postulated by Langer and Rosen" and 
also by Pauli." As Pauli has pointed out, if the coincidences were produced by 
such a particle, the absence of magnetic effects is at once clear, since, as its 
name indicates, it carries no charge. It is evident, however, that this particle 
would be required to have properties similar to those of an electron as far as 
ionizing ability is concerned. Though, according to Pauli, this may turn out 
to be the case, the whole matter is as yet too uncertain to allow even a tenta- 
tive explanation on this basis at the present time. If it turns out that the 
neutron possibility must be excluded, it seems on the whole that the best as- 
sumption we can make is that these particles are electrons. 

It has been the object of this paper to present what we believe to be 
strong experimental evidence that the coincidence effects are directly due to 
ionizing material particles, to the definite exclusion of photons. The authors 
feel that the question of the nature of these particles and the related problem 
of the general significance of this result for cosmic-ray theory must be left 
open since they believe that no definite conclusion can be reached at pres- 
ent. 814 


9 R. A. Millikan, Phys. Rev. 36, 1595 (1930); R. A. Millikan and G. H. Cameron, Phys. 
Rev. 37, 235 (1931). 

10 Geiger has recently obtained experimental evidence in favor of protons. See, Discussion 
on Ultra-Penetrating Rays, Proc. Roy. Soc. A128, 331 (1931). 

1 R. M. Langer and N. Rosen, Phys. Rev. 37, 1579 (1931). 

2 W. Pauli. Presented in a speech at “Symposium on Nuclear Structure” at the summer 
meeting of the A.A.A.S., June 16, 1931. As yet unpublished. 

18 The present position of the investigation in this field is well presented by “L. H. G.” ina 
summary in Nature 127, 859 (1931). 

14 A part of the expenses of this experimental work were met by a grant to.the junior author 
from the National Research Council. 
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THE EFFECT OF GENERAL RADIATION IN THE 
DIFFRACTION OF X-RAYS BY LIQUIDS 


By W. C. Prerce 
DEPARTMENT OF CHEMISTRY, UNIVERSITY OF CHICAGO 


(Received May 20, 1931) 
ABSTRACT 


Previous work has shown that the amount of general radiation transmitted by a 
single filter may cause peaks in the diffraction pattern of liquids. Balanced strontium 
and zirconium filters are used to study the magnitude of this effect in x-rays from a 
molybdenum tube operating at 35 kv. Zirconium alone does not give sufficient filtra- 
tion under these conditions, but by use of the two filters the effects of the general and 
characteristic radiation may be completely separated. 


T IS well known that the elimination of hard general radiation is more im- 

portant in scattering experiments with liquids than with crystalline sub- 
stances. Thibaud and Trillat,'! Clark and Stillwell? and Stewart and Morrow® 
have independently shown that the presence of hard general radiation in the 
x-ray beam causes an “inner ring” in the diffraction pattern. Meyer compared 
the scattering of a monochromatic beam, obtained by crystal reflection, with 
that of a filtered direct beam. The latter gave a diffraction pattern having 
much broader peaks and in some cases additional peaks not found for the 
monochromatic beam. 

His method of obtaining a monochromatic beam is not generally applica- 
ble for use with an ionization spectrometer because of the low intensity, but 
the effect of a fairly monochromatic part of the beam may be obtained by the 
use of balanced filters as suggested by Ross. The present work was under- 
taken with the objects (1) of testing the balanced filter method and (2) of 
quantitatively determining the effect due to the hard general radiation. 


APPARATUS 


An ionization spectrometer was used in conjunction with a molybdenum 
target Coolidge x-ray tube operating at a peak voltage of 35 kv. The entire 
high tension equipment and the x-ray tube were oil-immersed as described 
elsewhere.® The ionization chamber was 20 cm in length. It was constructed 
from pure copper, in order to avoid the presence of alpha particles, and was 
fitted with thin aluminum windows at front and rear. Bakelite insulation was 
used between the chamber and guard ring, and amber between the guard ring 
and the collecting rod. A Compton electrometer was used for measuring the 


1 Thibaud and Trillat, C. R. 189, 751, 907 (1929), 

2 Clark and Stillwell, Radiology 15, 86 (1930). 

3 Stewart and Morrow, Phys. Rev. 30, 232 (1927). 

4 Meycr, Ann. d. Physik. (5) 5, 701 (1930). 

5 Ross, Phys. Rev. 28, 425 (1926). 

6 Bennett, Gingrich and Pierce, Rev. Sci. Inst. 2, 226 (1931). 
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ionization current. It had a scale sensitivity of 25,000 mm per volt with the 
scale at a distance of 3 m. The capacity of the chamber-electrometer system 


was estimated at about 50 e.s.u. 

Argon was used in the chamber in most of the experiments. Although 
absorption is not complete in 20 cm of this gas it has the advantage of freedom 
from clean-up by reaction with the material of the chamber, and gave suffi- 


cient sensitivity of detection. 
Soller’ slits were used as recommended by Stewart.’ Various lengths were 
emploved but all of the results are for slits 15 cm in length and spaced 0.08 
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Fig. 1. Transmission of zirconium and strontium filters. Shaded portion represents radiation 
absorbed by strontium but transmitted by zirconium. Calcite crystals, d=3.03A. 


cm apart. Intensity may be gained without the sacrifice of too much resolu- 
tion by using shorter slits; but in the present work the intensity was suffi- 
ciently large. 

The liquid sample was held in a container mounted on the center of the 
spectrometer table. In selecting a container for the experiments two objects 
were held in mind: (1) the container should be so constructed that its scatter- 
ing of the x-rays would be small in comparison to the scattering of the volume 
of liquid used, and (2) the thickness of the sample should be less than the 


7 Soller, Phys. Rev. 24, 139 (1924), 
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optimum value of 1/u.* Flat metal containers with plane cellophane windows 
gave very little scattering, but no satisfactory glue was found for attaching 
the windows when used with good solvents.® A glass container was finally se- 
lected for use with such liquids. It was a very thin walled Pyrex tube, 6 mm in 
diameter. The beam was narrowed so that only the central portion of the tube 
was exposed. The scattering of the empty container (and of the air in the axis 
of the spectrometer) was first determined and this value, corrected for the 
absorption of the sample, subtracted from the observed scattering of the 
liquids investigated. 

Filters. Since the critical absorption limits of strontium and zirconium lie 
at 0.7693A and 0.6872A respectively they show a great difference in trans- 
mission for rays of wave-length between these values. The zirconium filter 
was one supplied by the General Electric Company and the strontium filter 
was constructed by suspending strontium oxide in paraffin at a concentration 
of about 0.03 gm per cm*. The latter filter was experimentally balanced 
against the zirconium by carefully shaving down until the two gave the same 
transmission for rays in the region 0.4—0.6A. After balancing, the transmission 
of the two filters was determined over the entire wave-length range by analy- 
sis of the transmitted beam with a calcite crystal spectrometer. Results of the 
analysis are shown in Fig. 1, in which the shaded area represents the radiation 
transmitted by the zirconium and not by the strontium. Argon was used in 
the chamber for this determination. A similar one with methyl bromide in the 
ionization chamber gave higher intensity throughout and showed a greater 
amount of general radiation, but the balance of the two filters agreed as well 
as when argon was used. 

In making a determination of the intensity of scattered radiation succes- 
sive readings of the intensity were taken with each of the filters. The differ- 
ence in the ionization current for the two represents the contribution due to 
the Ka lines. 

EFFECT OF THE GENERAL RADIATION 

N-hexyl alcohol was chosen as the scattering liquid because it gives two 
well-defined peaks in the intensity curve and because the results obtained 
could be readily checked by comparison with those of Stewart and Morrow.’ 
Separate scattering curves for each filter and for the balanced filter are shown 
in Fig. 2a and 2b, taken respectively with methyl bromide and argon in the 
ionization chamber. The strontium filter curves give the results of general 
radiation, while the zirconium filter curve gives the results of general plus 
characteristic radiation. A fairly true curve is obtained with the zirconium 
filter alone when argon is used for the detector, the effect of the general radia- 
tion being shown only by a general elevation of the intensity. With methyl 
bromide, on the other hand, the more complete absorption of the white 
radiation causes a peak at 6.5°. When higher voltages are employed this 
peak shifts to smaller angles as found by Thibaud and Trillat.! When a 

* This was done because of the effective filtration of the beam by the sample (see Thibaud 
and Trillat, Ref. 1). 


® Ambroid Liquid Cement was the most resistant one tried. For liquids that did not attack 
celluloid, windows were constructed of this and attached by Duco Household Cement, 
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photographic method of detection is used the effect of the general radiation is 
more pronounced because of the greater absorption in a photographic emul- 
sion than in a gas-filled ionization chamber. 

The corrected diffraction pattern of n-hexyl alcohol is given by curve 4 of 
lig. 2b. This is in very close agreement with the result of Stewart and Mor- 
row® for this liquid, and confirms their conclusion that the minor peak at 3° 
is due to the same radiation as the main peak.!® 
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Fig. 2. Intensity-angle curves for n-hexyl alcohol. 2a. Methyl bromide in ionization cham- 
ber. (1) Zirconium filter. (2) Strontium filter. (3) Balanced filter- difference between (1) and (2). 
2b. Argon in ionization chamber. (1) Zirconium filter (2) Strontium filter (3) Balanced filter- 
uncorrected (4) Balanced filter-corrected for scattering of container. 

CONCLUSIONS 

(1). The balanced filter is a satisfactory agent for isolating the effects of 
the general and characteristic radiation. (2). Under the conditions of the ex- 
periment the rays transmitted by the zirconium filter contain more general 
than characteristic radiation. (3). The diffraction pattern of a liquid for gen- 
eral radiation shows a sharp peak at an angle determined by the effective 
wave-length of x-rays. (4). Argon is a satisfactory detector for molybdenum 
x-rays when the relative intensity alone is desired. (5). The small angle peak 
found by Stewart and Morrow for n-primary alcohols is confirmed. 


+ 1 Debye and Menke [Ergebnisse der technischen Rintgenkunde, 2, 1 (1931)] suggest that 
perhaps this maximum is due to the general radiation. 
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HIGHER ORDER EFFECTS IN THE DIFFRACTION 
OF X-RAYS BY LIQUIDS 


By W. C. PIERCE 
DEPARTMENT OF CHEMISTRY, UNIVERSITY OF CHICAGO 
(Received July 13, 1931) 


ABSTRACT 


The x-ray diffractions of liquid carbon tetrachloride, chloroform, benzene, solu- 
tions of carbon tetrachloride in benzene, o-dichlorbenzene and m-dichlorbenzene 
have been determined for MoKa rays by the ionization spectrometer. All give a main 
peak characteristic of liquids and in addition the halogen compounds give other maxi- 
ma in the intensity-angle curve at large angles. This effect is the same for carbon tetra- 
chloride, pure or in solution, and is consequently thought to be due to internal inter- 
ference caused by scattering from the chlorine atoms. Debye’s relation for the scatter- 
ing of single atoms cannot be applied because the positions of the peaks obtained from 
solutions are masked by the molecular scattering of the solvent. 


EBYE,'ina theoretical study of x-ray scattering by liquids, showed that 

the interference of radiation scattered by neighboring molecules would 
lead to an intensity peak at small angles and that interference between rays 
scattered by the separate atoms in the molecule would cause other peaks at 
larger angles. The two effects were called respectively the outer and inner. 
He also made the prediction that the inner effect could best be investigated 
through scattering experiments with gases since the effect of molecular ar- 
rangement could be neglected. This prediction has been verified in the later 
work of Debye? and his students, for they have developed the experimental 
technique and the theory of gaseous scattering, obtaining thereby very pre- 
cise measurements of interatomic distances within the molecule. 

The success of the work with gases emphasizes the importance of inter- 
atomic interference in liquid scattering, for on account of the experimental 
difficulty of obtaining diffraction measurements with organic compounds in 
the vapor state it would be desirable to obtain such data directly from the 
liquids. Of the large number of liquids whose x-ray scattering has been in- 
vestigated only carbon tetrachloride, chloroform, water, and mercury have 
been reported as giving large angle maxima in the diffraction pattern. The 
data for these liquids are summarized in Table I, in which the locations of the 
peaks are expressed as Bragg distances (wA = 2d sin @/2) in order to facilitate 
comparison. 

Prins, Meyer, and Debye have attributed some of these peaks to the inner 
scattering but Debye has shown, by a comparison of the liquid and gas dif- 
fraction patterns for carbon tetrachloride, that the positions of the liquid 
peaks do not coincide with those for the gas. His results for the two cases, re- 


1 Debye, Jour. of Math. and Phys. Mass. Inst. Tech. 4, 153 (1925). 
? See Bewilogua, Phys. Zeits 32, 265 (1931) for a complete review of this work. 


1413 





1414 W. C. PIERCE 


TABLE I. Large angle scattering of certain liquids. 


Position of intensity peaks 
Substance Observer (Bragg distances) 


CCl, Prins® 5.34 : 2.01 
Debye! .9* ; 2.0* 


CHCl; Prins® 3 


H.0 Meyer® 3.135 
Stewart‘ 3.24 


Hg Prins* .76 
Debye‘ Rn 











* Values calculated from published curves. 


duced to the same intensity for comparison, are plotted in Fig. 1. He has in 
addition shown‘ that the entire diffraction pattern of mercury may be ac- 
counted for by the molecular interference and has deduced distribution 
curves for the molecules from the observed scattering. From the foregoing 
he infers that the higher order interference found for carbon tetrachloride is 
the combined effect of the atomic and molecular interferences. 
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Fig. 1. Diffraction pattern of carbon tetrachloride (Debye, recalculated for \=0.71A) Solid 
line—liquid. Dotted line—gas. 


The present work was undertaken with the object of testing this point 
by a study of solutions of carbon tetrachloride. By using as solvent a liquid 
giving no higher order maxima it was thought that any effect obtained could 
be attributed only to interatomic interference as in the case of gases. 


3 Prins, Zeits. f. Physik 56, 617 (1929). 

* Debye and Menke, Ergebnisse der Tech. Réntgenkunde 2, 1 (1931). 
Debye, Phys. Zeits. 31, 348 (1930). 

5 Meyer, Ann. d. Physik 5, 701 (1930). 

6 Stewart, Phys. Rev. 35, 1426 (1930). 




















SCATTERING OF X-RAYS 


EXPERIMENTAL 


Monochromatic x-rays of wave-length 0.71A were obtained from a moly- 
bdenum tube by the use of balanced strontium and zirconium filters as pre- 
viously described.’ The ionization spectrometer method was used for deter- 
mining the intensity of scattered radiation. The liquid sample was held in 
a flat container 1 mm in thickness between thin celluloid windows. Soller 
slits, each 5 cm in length, were used for collimating and analyzing the beam. 
No correction was applied for the change in absorption with scattering angle 
or for the polarization factor, but a correction was made for the scattering of 
the empty container and of the air. Experimental values of this scattering 
were corrected for absorption in the sample and these values subtracted from 
the observed intensity at each spectrometer setting. 
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Fig. 2. Diffraction pattern of carbon tetrachloride. \=0.71A 1. Balanced filter-corrected for 
scattering of container. 2. Balanced filter-uncorrected. 3. Strontium filter. 4. Zirconium 
filter. 





RESULTS 


1. Carbon tetrachloride. The results as shown in Fig. 2 are in fair agree- 
ment with those of Debye, the chief difference being in the position of the 
second peak and in the prominence of the third. In the present experiment 
this peak is too broad to be definitely located although repeated experiments 
have shown it to be a true effect. The difference may possibly be due to the 


‘ Pierce, Phys. Rev. preceding paper. 
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experimental procedure for both Debye and Prins reflected the radiation 
from a free liquid surface, a method that may cause the effect of the surface 
molecules to be emphasized more than in transmission scattering as used here. 
Comparison of the results with the balanced filter and the zirconium filter 
show that the effect of general radiation is small in the region of large angle 
scattering. 

2. Solutions of carbon tetrachloride in benzene. Solutions of concentra- 
tions ranging from 0-100 mol percent were investigated. Pure benzene gives a 
diffraction pattern showing only the main peak characteristic of molecular 
interference. Solutions give a pattern having the second and fourth peaks of 
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Fig. 3. Diffraction pattern of benzene (upper) and 50 percent solution of carbon tetrachloride 
in benzene. Taken with balanced filter for \=0.71A, 


carbon tetrachloride at the same angular positions as the pure liquid, but the 
faint third peak could not be identified. The intensity of the higher order peaks 
decreased with dilution but they could be identified with concentrations as 
low as 20 mol percent. The results for pure benzene and for a 50 mol percent 
solution are shown in Fig. 3. 

3. Chloroform. The scattering curve is shown in Fig. 4. The first maxi- 
mum is broader and is at a larger angle than the corresponding one for carbon 
tetrachloride, indicating that the molecular diameter is smaller. The intensity 
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at the second peak is much less than for carbon tetrachloride, a result in 
harmony with that found for the gas scattering.? The position of this peak is 
at a slightly smaller angle than for the former compound. 

4. Dihalogenated benzene derivatives. Ortho- and meta-dichlorbenzene 
were investigated as they are liquid at ordinary temperature. Both give higher 
order peaks, the ones for the meta-compound being at smaller angles, corre- 
sponding to the greater interatomic distances. Both first and second orders 
of the internal scattering may be identified but neither can be accurately 
placed, for the first order peak is close to the main liquid peak and the second 
order is too broad. 
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Fig. 4. Diffraction pattern of chloroform. 1. Zirconium filter, 2. Strontium filter, 3. Balanced 
filter. 


CONCLUSIONS 
The results indicate that the higher order peaks found for the compounds 


investigated are mainly due to the inner scattering. Evidence is found in the 
following: 


1. Of the compounds investigated all having two or more atoms of high 
scattering power to the molecule give the effect. 

2. The positions of the peaks are the same for pure carbon tetrachloride 
or for solutions in benzene. 

3. Organic molecules in general, even highly symmetrical ones, do not 
give a higher order scattering detectable with the apparatus used. (See re- 
sults for benzene.) 
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4. The relative prominence of the second peak for liquids is about the 
same as for the first peak with gases. 


Although the explanation given is qualitatively satisfactory, quantitative 
evidence is lacking, for when the atomic distances are calculated for these 
compounds according to Debye’s procedure for gases the results are not in 
good agreement.* This is shown in Table IT in which the Cl—Cl distances 
calculated from the various maxima and minima of the liquid curve are listed 
together with corresponding distances obtained from the gas scattering 
curves. 


Tasee Il. Cl-Cl distances* from liquid and gas scattering curves. 


Peak Distance Distance 
Subst. position liquid gas* 
CCl, 1 min 3.0 3 00 
1 max 3.4 2.97 
2 min 2.9 2.98 
2 max 3.0 3.01 
3 min 3.00 
3 max 2.96 
CHCl; 1 min 2.64 3.13 
1 max 3.4 3.15 
2 min 2.8 3.13 
2 max 2.9 3.14 


* Debye has derived a general relation for scattering from N points at fixed distances, but 
of random orientation with respect to the direction of the x-ray beam 


1 + cos? as V_ sin xi 
Ty x an a maid 2 
2 1 1 Xij 


in which J, is the intensity at angle @, x =(4rd,; X) sin (@ 2), (1+cos? ), 2 is the correction for 
polarization, d is the distance from the ith to the jth atom, \ is the wave-length, and the double 
summation indicates that the operation is to be carried out individuaily for each point over all 
the other points. When this is applied to the scattering of atoms occupying fixed points within 
a molecule the equation must be modified to take into account the distribution of electrons in 
each atom. When this is done for carbon tetrachloride, and the interference in the rays scat- 
tered by the central carbon atom is taken into account, the summation gives the relation 
(neglecting polorization) 


sin Xey—-¢ sin Xcy-¢ 


Ig x dye? 1 + 3—— . + 8Ye,c¥ 
Xo, 


w,2 
‘ Xe " 


in which Yc: is the atomic amplitude factor for the Cl atom (structure factor), Yc is the factor 
for the carbon atom, and 


tide Cc; 
Xe_c, = —-—— sin 9 /?. 
r 


By substitution of the proper distances this equation gives values which may be plotted to 
give a curve whose maxima and minima exactly coincide with those of the experimental curve 
obtained from gaseous carbon tetrachloride. For a full description of the method see reference 2. 


This lack of agreement may be due to masking of the peak positions by 
either diffuse large angle scatter:ng by the liquid or by large angle maxima 
and minima, due to the outer effect, in the liquid diffraction. Since solutions 
give the same diffraction pattern it seems that the shifting is due to the dif- 
fuse scattering, for effects based on molecular distances should be changed as 
the molecular distances are changed by dilution. 
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The large angle maxima and minima found for water may be similarly 
explained, i.e., as due to interference in the rays scattered by oxygen atoms 
of a single complex molecule. Meyer’ holds this view, but on the basis of cal- 
culations of particle size from the width of peak he regards the complex mole- 
cule as composed of many molecules. Stewart® considers all the peaks due to 
planar spacings in the cybotactic group and emphasizes the similarity of the 
diffraction pattern of the liquid and solid. 

Mercury alone, of the substances investigated, gives large angle interfer- 
ence maxima due wholly to the molecular arrangement.’ This is probably 
because the high concentration of electrons in the atom and the symmetry 
of the monatomic molecules give a condition favorable to close packing and 
regular arrangement of the molecules. On the other hand the lack of sym- 
metry of polyatomic organic molecules and the much looser packing of the 
scattering atoms in these molecules make a very unfavorable condition for the 
observation of any but first order effects. 

The results show that solutions do not offer a satisfactory source for ob- 
taining accurate interferometric measurements but indicate that they may 
be used for approximate results. Unless the molecule under investigation is a 
very symmetrical one the diffraction pattern of the pure liquid is more suit- 
able for such measurements because of the greater intensity in the higher 
order effects. 


® Even here the possibility may be considered that complex molecules are formed in the 
liquid state, although the satisfactory analysis made by Debye and Menke furnishes strong 
evidence to the contrary. 
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ABSTRACT 


Laue patterns from quartz crystals oscillating piezoelectrically have been ob- 
served to be more intense than similar patterns from nonoscillating crystals. In this 
investigation, regular Bragg reflections from the face of crystals oscillating and non- 
oscillating have been observed in order to notice any variation in intensity or line 
width. No effect of this kind has been observed. These results are interpreted as negat- 
ing the existence of Zwicky blocks, rocking slightly by the piezoelectric oscillations, 
as proposed by Langer. An explanation of the observed etfect with Laue spots based 
upon the extinction effect in perfect crystals is proposed. 


INTRODUCTION 


T HAS been observed! that the intensity of Laue patterns obtained with 
quartz crystals, oscillating piezoelectrically, is greater than for correspond- 
ing patterns with the crystals not oscillating. This result at first glance ap- 
pears contrary to expectations when one considers the usual effect of tempera- 
ture elevation and static deformation of the crystal upon Laue patterns. Ex- 
planations to account for the phenomenon have been proposed by B. E. 
Warren* and R. M. Langer.® 
In order to throw more light upon the nature of this phenomenon it was 
considered desirable to examine the effect obtained with the crystal oscillat- 
ing and nonoscillating mounted as the reflecting crystal in a Bragg spectrom- 
eter. 
APPARATUS AND MANIPULATION 


The general arrangement of apparatus is shown in Fig. 1. The front metal 
electrode for producing oscillations was cut away at the center so as to ex- 
pose a portion of the crystal face, 4 mm wide, to the x-ray beam. In this 
spectrometer the distances between first slit and crystal axis and photograph- 
ic plate and crystal axis were each made equal to 55 cm. This large distance 
gave a dispersion of better than 5 x.u. per mm which, together with the use of 
a fine slit, made it easy to observe any variation in line-width. 

The crystals used in this experiment were cut parallel to the hexagonal 
crystal face and were 0.553 mm in thickness. They oscillated with a wave- 
length of 84 meters as measured by a standard wave meter agreeing with the 

1G. W. Fox and P. H. Carr, Phys. Rev. 37, 1622 (1931). 

2 B. E. Warren, Phys. Rev. 38, 572 (1931). 

3 R. M. Langer, Phys. Rev. 38, 574 (1931). 
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approximate expression n =2700/t(mm) kilocycles, showing that the actual 
motion was normal to the face. No frequency corresponding to a lateral vi- 
bration could be found. The polished surfaces were etched lightly with hy- 
droflgtric acid to improve x-ray reflection. 

In some of these exposures only the top part of the plate was exposed with 
the crystal oscillating and then a shield inverted and the bottom part sub- 
jected to an identical exposure with the nonoscillating crystal. Another pro- 
cedure employed was to expose the full height of the photographic plate to a 
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Fig. 1. General arrangement of spectrometer and oscillator. 


reflection from the oscillating crystal and then the plate holder was shifted 
laterally and an identical exposure taken with the nonoscillating crystal. 
This could be repeated successively several times giving parallel lines whose 
relative intensity and width could be readily observed. Some such exposures 
were taken with the crystal in fixed position and others with the crystal rota- 
ting with uniform angular velocity through a small angle. 
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Fig. 2. Lf; line in second order from face of oscillating and nonoscillating quartz crystal. 


Fig. 2 shows a reproduction of a typical plate taken as described with the 
crystal in a fixed position. The x-ray emission line employed is in each case 
the 8; line in the 2nd order L series of tungsten. In order to test the ability 
to compare intensities on this plate, the four exposures at the left are each 
ten minute exposures alternately oscillating and nonoscillating while the line 
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at the right was obtained with a twenty minute exposure with the oscillating 
crystal. A microphotogram of the plate is shown accompanying the figure. 


RESULTS AND DISCUSSION 


In no case was it possible to observe any change in intensity or variation 
in line-width produced by making the quartz crystal oscillate piezoelectri- 
cally. 

The actual line width as shown in Fig. 2 was about 0.15 mm, with a slight 
accompanying diffuseness on each side. Now from the geometry of the spec- 
trometer it is seen that a distance of 0.1 mm on the photographic plate cor- 
responds to a rotation of the crystal of approximately 19 seconds of arc. 

The proposal of Warren that the spots in the Laue patterns were due to 
tungsten characteristic A-series lines, rather than the usual continuous spec- 
trum, has been effectively negated by Fox and Carr who repeated their ear- 
lier results with voltages much less than the critical voltage for the tungsten 
K-series. 

Now Langer would explain the effect by considering the crystal as a mo- 
saic conglomerate in which the little crystal blocks (following Zwicky)* nor- 
mally having an ideal parallel orientation, take on a rocking motion of a few 
minutes of arc due to the piezo-oscillations. Due to the Bragg focussing prin- 
ciple a rocking of such small crystal blocks through a few minutes of arc would 
produce no observable diffuseness of the reflected spectral line in the case of 
regular Bragg reflection, since for such a small angular displacement, their 
front faces extended would not be sensibly displaced from the spectrometer 
axis. This rocking would, however, be accompanied with increased intensity 
in the reflected line, since a much greater volume of the crystal would be ef- 
fective in producing reflection when extinction effects are considered. From 
x-ray reflections one must conclude that quartz is a very perfect crystalline 
substance. The integrated reflection from a polished face may be many times 
that from a freshly cleaved surface. Since in this experiment the surface was 
freshly etched, it would approximate a cleaved surface and a rocking of crys- 
tal blocks might be expected «~o be comparable with the effect of lightly 
polishing the surface. The absence of this intensity variation can only be in- 
terpreted as negating the block idea of the crystalline structure. 

This same consideration of extinction effect leads to a satisfactory expla- 
nation of the observed results with the Laue method. If the oscillating crystal 
be considered as a standing wave oscillator with node at center, then the in- 
terplanar distance d for atomic planes at the surface will not vary, while that 
at the center will take small positive and negative increments periodically. 
This is shown in Fig. 3 in which (a) shows the actual displacement of planes, 
while (b) shows the variation in the lattice distance A d which is proportional 
to the slope of the displacement curve and is always zero at the ends and 
varies from positive values through zero to a negative value with the acoustic 
wave. 


*F. Zwicky, Proc. Nat. Acad. 15, 819 (1929), 
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A heterogeneous x-ray beam which strikes the crystal face normally and 
makes a Laue spot at some angle @, will, when the crystal oscillates, find at 
internal layers most of the time an altered lattice, and thus the Laue spot 
will be due to a band of wave-lengths from the continuous spectrum rather 
than a single wave-length as would have been the case in the ideally perfect 
crystal at rest. Now it might be thought that if a different wave-length is re- 
flected at successive depths, then the deficiency in the ideal wave-length 
would be equal to the added energy of the other wave-lengths contributing 
to the Laue spot and no change in energy would be expected. Because of the 
extinction effect, this would not be the case, for in the nonoscillating crystal 
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Fig. 3. Variation in lattice constant with distance from center due to acoustic wave. 


the diffracted beam must traverse the crystal at an angle just right for re- 
flection and the absorption coefficient may be many times the ordinary ob- 
sorption coefficient. However, in the oscillating crystal, except for the in- 
stant when a normal configuration exists, at no time must the beam reflected 
from any depth element travel through an appreciable crystal thickness at 
exactly the correct angle for reflection, and the absorption coefficient it will 
encounter will be the normal one unmodified by extinction. Any diffuseness 
in the Laue spot caused by this slight angular variation would hardly be ob- 
served, since the spot is already large in the nonoscillating crystal, due to 
the appreciable thickness of the crystal. 
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THE SCATTERING OF X-RAYS FROM PARAFFIN, 
ALUMINUM, COPPER, AND LEAD 


By ALLEN W. Coven 
Puysics DEPARTMENT, THE COLLEGE OF WOOSTER 
(Received August 28, 1931) 
ABSTRACT 


The radiation from a tungsten-target x-ray tube operated at 80 kv was filtered 
through 0.244 cm of aluminum and the intensities of the scattered radiations from 
parattin, aluminum, copper, and lead were observed by the ionization method. The 
scattered intensities at angles in the range of 30° to 120° with the forward direction of 
the primary beam were compared with the scattered intensities at 90°. Values of the in- 
tensity at 90° for paraffin were compared with the intensity at 90° for the other ma- 
terials. The scattering from paraffin and aluminum was at an effective wave-length of 
0.32A; from copper 0.26A, and from lead 0.27A. The Dirac value of the scattering 
from paraffin at 90° was used as the basis for calculating the absolute values of the 
scattering per gram and the scattering per electron. 


INTRODUCTION 


HE newer conceptions of the relations between waves and quanta have 
led to considerable development of the theory of the intensity of scattered 
x-rays. The scattering from monatomic gases has been successfully predicted 


and some progress has been made in developing a theory of the intensities 
scattered from solid materials. Further progress may be made possible by 
the accumulation of data on the scattering from solids at different wave- 
lengths. The experiment described in this paper was started with the hope 
of obtaining more accurate relative values of the angular distribution of 
scattered x-rays from some of the heavier elements. After collecting part of 
the data it became apparent that the scattering values could be put upon an 
absolute basis by comparison with the value of the scattering from paraffin at 
90°. Hence great care was taken to compare the intensities from each of the 
metals used as scatterers in the experiment with the intensity from paraffin 
under the same experimental conditions. It is hoped that the values of the 
scattering per electron obtained for these metals may be useful in future 
theoretical developments. 


APPARATUS AND PROCEDURE 


Fig. 1 shows the general arrangement of the apparatus used to measure 
the intensity of the radiation scattered from blocks of paraffin, aluminum, 
copper, and lead. A 30 m.a., radiator type, tungsten target, Coolidge x-ray 
tube was the source of the primary radiation. A General Electric x-ray trans- 
former supplied current to the tube at a potential of 80 kv. The primary rays 
were limited to a beam of small cross section by the circular apertures at 
S, and S». A cylindrical ionization chamber having inside dimensions of 8 by 
42 cm, with brass walls approximately 0.6 cm thick was mounted on an arm 
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arranged to rotate about an axis at R. The chamber was filled with ethyl 
bromide vapor and an excess of the liquid was kept in the bottom of the 
chamber at all times to insure saturation. The potential across the ionization 
chamber electrodes was 135 V. Currents in the chamber were measured by a 
Compton electrometer. Lead shielding around the x-ray tube and around the 
primary and scattered beams,prevented all radiation except that scattered 
from the scattering block at R from reaching the chamber. Stray radiation 
was also kept from reaching the electrometer system by lead shields. The 
longer wave-lengths of the continuous spectrum emitted by the tungsten 
target were filtered out by 2.44 mm of aluminum placed in the primary beam 
at F,. The wave-lengths having intensities greater than 0.1 of the maximum in 
the filtered beam occupied a band about an octave and a half broad. An 


—_7f 














Fig. 1. Arrangement of apparatus. 


aluminum sheet 0.812 mm thick was used as a filter in the scattered beam at 
F,. This was found to be sufficient to remove the characteristic radiation 
excited in the scattering materials. The window of the ionization chamber 
was of 0.255 mm aluminum. 

Ratios for each material, of the scattered intensities at angles between 30° 
and 120° inclusive, compared with the intensities at 90° were first determined. 
For paraffin and aluminum the scatterers were thin plates of the material, so 
oriented that the normal to the face of the plate from which the primary 
beam emerged after passing through the plate made an angle of ¢/2 with the 
forward direction of the primary beam. Thus the scattered rays penetrated 
the same thickness of the plate as did the primary rays. The copper and lead 
plates used as scatterers were so thick that none of the primary radiation 
penetrated them. They were so oriented that rays scattered from the incident 
face entered the ionization chamber and the glancing angle of the primary 
rays on the plates was always ¢/2. 
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After the determination of the angular distribution of the scattered radia- 
tion for each of the four materials, comparisons of the scattered intensities 
at 90° between the different materials were made. The ratio of the intensity 
scattered by paraffin at 90° to that by aluminum at 90° was found to be 6.56. 
The mass per unit area of the paraffin plate was 0.483 and that of the alum- 
inum plate was 0.0659g/cm*. Scattering from the incident face of a 0.812 mm 
thick aluminum plate was compared with the scattering from the copper and 
lead plates, each at 90°. The ratio of the intensity from the aluminum plate 
to that from the copper was found to be 2.64. The intensity from aluminum 
compared with lead was 2.84. The intensities between copper and lead were 
also compared directly and found to be in the ratio 1.075, in exact agreement 
with the ratio 2.84/2.64 from the comparisons with aluminum. 

The linear absorption coefficient of the primary rays in aluminum by 
measurement was 2.51, and in paraffin 0.192. The absorption in paraffin was 
measured in the block from which the scattering plate had been cut. At the 
90° position the rays scattered from paraffin and aluminum had absorption 
coefficients differing from the coefficient for the primary rays by a negligibly 
small amount. The hardening of the rays by absorption in the scattering 
plates was approximately annuled by the increase of wave-length of the rays 
on scattering. The absorption coefficients for the scattered rays in copper and 
lead were calculated respectively as 67.8 and 258. Measurement of the absorp- 
tion in aluminum for the rays scattered from copper and lead gave the same 
value of absorption coefficient at 30°, 60°, and 90°. The absorption coefficients 


of the rays scattered from paraffin and aluminum varied slightly with direc- 
tion of scattering, but were sufficiently constant to produce only a very small 
change in the corrections made for absorption of the scattered rays in the 
scattering plates. Consequently these corrections were calculated on the basis 
of the value of the absorption coefficient at 90°. 


CALCULATIONS AND RESULTS 


The scattering per gram of rays penetrating a thin plate of material 
oriented so that the normal to the plate makes an angle ¢/2 with the primary 
beam is given by 


5/p = (Ig/ig)(cose/2)(1/wm), (1) 


where J, is the intensity scattered in a direction @¢, i, is the intensity of the 
primary rays penetrating the plate, w is the solid angle subtended by the ioni- 
zation chamber window, and m is the mass per unit area of the plate. 7, is 
given by 

Tem mele cos(o/2) 


where J is the primary ray intensity at the incident face of the scattering 
plate, and w/p is the mass absorption coefficient of the primary rays in the 
plate. The ratio of the scattering per gram in any direction compared with 
that in a direction at right angles to the primary beam may be set up from 
Eq. (1), and then J does not appear in the ratio, since it is the same at all 
angles of scattering. This ratio applies to the cases of paraffin and aluminum 
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scattering in the experiment. A similar ratio derived from Eq. (1) will give 
the scattering per gram at 90° from aluminum compared with paraffin. 

For a plate in which the primary rays are completely absorbed and which 
is oriented with the incident face at an angle ¢/2 with the primary beam, the 
scattering per gram is 


s/p = (u/p)I,/I (2) 


Eq. (2) will thus give the ratio for copper and lead of the scattering per gram 
at any angle compared with that at 90°. The intensity scattered from the in- 
cident face of the 0.812 mm aluminum plate is, however, less than the inten- 
sity that would be scattered from a plate of aluminum thick enough to ab- 
sorb all of the primary radiation. If the maximum path of the x-rays in the 
aluminum plate is s, the scattered intensity is proportional to 1—e** =0.437 
for the rays scattered at 90°. The measured intensities of the Al/Cu and Al, 
Pb scattering at 90° must thus be divided by 0.437 to get the true ratio of the 
relative intensities to use in calculating the scattering per gram from copper 
and lead compared with that from aluminum. 

When nonhomogeneous radiation is scattered, the wave-lengths entering 
the ionization chamber will differ for different materials because of the differ- 
ence in absorption of the different wave-lengths present in the primary beam. 
The effective wave-length scattered from each material was determined from 
the spectrum of the scattered beam in each case, according to the equation 


, 


ert, = f AIydd/ f Idd. (3) 


This meant plotting of the spectral curve for each case of scattering and the 
curve whose abscissas were the same as the abscissas of the spectral curve, 
but whose ordinates were equal to the fraction AJ,/J, of the ordinates of the 
spectral curve, then measuring the areas under each curve with a planimeter 
and using their ratio for the effective wave-length. In this way the wave- 
lengths were found to be 


0.32A scattered from paraffin 
0.32A scattered from aluminum 
0.26A scattered from copper 
0.27A scattered from lead. 


In the comparison of the scattering from aluminum with that from copper 
and lead a correction must be made to the measured intensities because of 
the difference in the wave-lengths scattered. The effective wave-length scat- 
tered from the 0.812 mm aluminum plate was estimated to be 0.29A. Thus the 
measurement of intensities gave the following scattering ratios. 


(Al at 0.29A)/(Cu at 0.26A) 
(Al at 0.29A)/(Pb at 0.27A) 


The ratios desired are, since the angular distributions of the scattered inten- 
sities were determined at an effective wave-length for aluminum of 0.32A, 
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(Al at 0.32A)/ (Cu at 0.26A) 


(Pb at 0.27A). 


A) 
A), 


(Al at 0.32 
Hence we need to multiply each of the measured ratios by the ratio 


(Al at 0.32A)/ (Al at 0.294). 


Coade! has measured the mass scattering coefficient for a number of metals 
at several different wave-lengths. He gives values for aluminum from which 
the variation of the coefficient with wave-length may be determined. By use 
of his data it is found that the scattering from aluminum at 0.32A is about 
1.14 times the scattering at 0.29A. Hence the intensity ratios comparing the 
scattering from copper and from lead with that from aluminum were in- 
creased 14 percent in calculating values of the scattering per gram ratios, to 
correct for the actual difference in scattering. 

Because of the difference in the wave-lengths entering the ionization 
chamber in getting the Al/Cu and Al, Pb ratios there will be a different frac- 
tion of the rays absorbed in the chamber and an additional correction must 
be made for this fact. Compton® has shown the means of comparing the in- 
tensities of two x-ray beams of ditferent wave-lengths in terms of the ioniza- 
tion which they produce. His expression for the intensity ratio has the form 


T/T, = (i1/ i2) (fi/ fe) (R2/ Ri) (e777 e™) (4) 


where 7; and 7, are the ionization currents, f; and f, are the fractions of the 
beams absorbed in the ethyl bromide, R; and &, are the ratios of the energy 
spent in producing ionization to the total absorbed energy, e~*: and e~*: are 
the fractions of the beams penetrating all the material in the path of the rays. 
The ionization current ratio is known from measurement, the fractions of the 
two beams absorbed in the chamber may be calculated. Compton* shows how 
to calculate the ratio of the energy spent in producing ionization to the total 
absorbed energy. The absorption in filters and scatterers is known, so the last 
term may be calculated, neglecting the absorption in air which is very small. 
The ratio of the intensities was thus found to be about 18 percent greater 
than it should be for the measured values of aluminum compared with cop- 
per, hence the experimental ratio was divided by the factor 1.18. The ratio 
of the scattering per gram of wave-length 0.32A by aluminum to wave- 
length 0.26A by copper is thus 





2.64 1.14 W/o) 
0.437 1.18 (u/p)cu 


The ratios of the scattering per gram at 90° calculated from the experi- 
mental intensity ratios after making these corrections for difference of scat- 
tered wave-length and for difference of ionization are, relating each metal to 
paraffin as unity, 


1E.N. Coade, Phys. Rev. 36, 1109 (1930). 
2 A. H. Compton, Phil. Mag. 8, 961 (1929). 
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Paraffin [1.0] at 0.32A 
Aluminum 1.05 at 0.32A 
Copper 1.47 at 0.26A 
Lead 4.11 at 0.27A 


Fig. 2 shows the curve for scattering from paraffin on the basis of the 
Dirac theory which gives the angular distribution of intensity proportional 
to (1+ cos*d)(1+a vers¢)~*. The experimental points are shown along with 
the theoretical curve. It is seen that there is good agreement between the ex- 
perimental and theoretical values in the range 60° to 120°. This is in accord 
with the results of Jauncey and Harvey*® who found very good agreement be- 
tween the scattering from paraffin and the Dirac theory near 90° and for 


3 








6o° 2 20° 
9? 


Fig. 2. Scattering from paraffin. Curve from Dirac theory, dots are values from experiment. 


wave-lengths of about 0.3A. For the scattering per gram on the Dirac theory 
we have 


s/p = 0.0238(Z/1V)(1 + cos? 6)(1 + @ vers ¢)-*. (5) 


for unpolarized x-rays. Here Z is atomic number, W atomic weight, a= 
0.0242/X. The average formula for paraffin is CaH;, and hence Z/W has a 
value of 0.5, whereupon the scattering per gram from paraffin at 90° is 0.0095, 
for the wave-length 0.32A. Using this combined with the experimental dis- 
tributions in angle and ratios at 90°, the values of the scattering for each of 
the four materials have been calculated and are shown in Table I. 

The scattering per electron relative to the classical scattering from a free 
electron is perhaps of most theoretical interest. For modified radiation this 
is given by 


S = (1 + a vers ¢)-. | (6) 


3G. E. M. Jauncey and G. G. Harvey, Phys. Rev. 37, 698 (1931). 
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TARLE I. Scattering per gram. 


Paraffin Aluminum Copper 
0.32A 0.32A 0.26A 

30° 0.0189 0.0332 0.0542 

40 .0170 .0235 .0391 

50 0142 0173 0293 

60 .0127 .0134 .02306 

70 0115 .0116 .0173 

80 .0105 .0109 .O151 

90 .0095 .0100 .0140 .0390 

120 .0106 .O114 .0142 .0362 











At the wave-length used in the experiment the scattered rays from paraffin 
are almost all modified, and at 90° the value of S given by Eq. (6) would be 
a true value for paraffin. If we compare the value of S at 90° for one material 
with the value for another material at the same angle we shall have 


Si/So = (8/p)(Z/ W)2/ (s/p)(Z/ W)1. (7) 
Hence the S values at 90° are related as follows 
Paraffin [1.0] 


Aluminum 1.09 

Copper 1.60 

Lead 5.13 
In Table II are shown the values of the scattering per electron based on the 
value 0.803 for paraffin at 90° by the Dirac formula. 


TABLE II. Scattering per electron, S, relative to the classical scattering from a free electron. 








Paraffin Aluminum Copper 

0.32A 0.32A 0.26A 
30° 0.91 1.66 
40 .90 1.30 
50 .84 1.07 
60 .85 .94 
70 .86 91 
80 .86 .93 
90 .80 .88 

120 .68 


Angle 


85 
a 
91 
43 
43 
35 
.28 
05 
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DIscUSSION 


Fig. 3 shows the scattering per electron plotted against values of (sin 
$/2)/d. Curve I is for paraffin and shows that the scattering for the wave- 
length and range of angles investigated is approximately in accord with a 
theory of the scattering from free electrons. Curve II is for aluminum, Curve 
III for copper, and Curve IV for lead. These indicate that the electrons in the 
atoms of the elements cooperate to an increasing amount as the atomic num- 
ber of the scatterer is increased. They also show that the cooperation of the 
electrons becomes more effective as the direction of scattering approaches the 
forward direction of the incident primary radiation, and how particularly 
effective is their cooperation in heavy elements such as lead, where the elec- 
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trons are concentrated near the center of the atom. Were there no inter- 
ference effects between neighboring atoms the cooperation at zero angle 
should be such that each electron would scatter Z times as much as a free 
electron scattering independently, where Z is the atomic number of the atom. 
It is possible that where the atoms are close together constructive interfer- 
ence between rays from neighboring atoms will increase the value of S be- 
yond that of the atomic number of the scattering atom. 

The probable experimental error in the intensity measurements is esti- 
mated to be about 3 percent. The absolute values of the scattering from cop- 


15 








2 
(Sin /2)/ 


Fig. 3. Scattering per electron relative to the classical scattering from a free electron. Curve I 
paraffin, curve II aluminum, curve III copper, curve IV lead. 


per and lead, depending as they do upon the determination of the Al/Cu ra- 
tio which was corrected by a slightly uncertain calculation allowing for the 
difference in the scattered wave-lengths, may be slightly more in error than 
the paraffin and aluminum values. 

The author is grateful to Professor W. R. Westhafer of the College of 
Wooster, in whose department the experimental work was done, for supply- 
ing the Compton electrometer and other apparatus and material without 
which the experiment would not have been possible. It is a pleasure also to 
acknowledge the helpful suggestions regarding the methods of estimating the 
wave-lengths and of calculating the corrections which were so kindly given by 
Professor A. H. Compton of the University of Chicago. 
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INFRARED BANDS OF SLIGHTLY ASYMMETRIC MOLECULES 


By Haratp H. NIELSEN 
MENDENHALL LABORATORY, OHIO STATE UNIVERSITY 


(Received August 26, 1931) 


ABSTRACT 


As an aid in the interpretation of the infrared spectra of nearly linear, slightly 
asymmetric molecules, calculations have been made upon molecular models of varying 
degrees of asymmetry in order to determine the general characteristics of their infra- 
red bands. A,, A,, and A; have been chosen as the principal moments of inertia and 
the atoms comprising the molecule have been taken to be coplanar such that A,= 
A,+A,. For convenience of calculation, a parameter p has been chosen where p=A,/ 
A, and calculations have been made for ten values of p, varying in steps of 4p =0.02 
from p=0.20 to p=0.00. In the computation of the intensities of lines, Boltzmann fac- 
tors were used corresponding to a largest moment of inertia A, =2.0 X 10~° gm -cm?. 
As in the work of Dennison on completely asymmetric molecules, of which this is es- 
sertially an extension, charts have been prepared depicting the general characteristics 
of the three types of bands which may occur. 

Type A bands. Type A bands arise from vibrations of the electric moment along 
the z-axis or least axis of inertia and may be seen to consist of P, Q, and R branches. 
The members of the P and R branches are not single lines as in the symmetric rotator, 
but are groups of closely spaced lines spreading out as p increases. The Q branch also 
is complex and decreases in intensity as p decreases finally vanishing in the limiting 
linear case where p=0. 

Type B bands. Type B bands arise from vibration of the electric moment 
along the y-axis or intermediate axis of inertia. They too may be seen to consist, not of 
single lines, but of groups of closely spaced lines. As p decreases the spacing between 
these groups becomes coarser and coarser until finally where p=0, this type of band 
vanishes completely. Type B consists essentially only of one branch. 

Type C bands. Type C bands arise from vibrations of the electric moment 
along the x-axis or the largest axis of inertia and for the class of molecules here con- 
sidered are very similar to type B bands. As in the former case the spacing between line 
groups becomes coarser and coarser, the band finally vanishing completely where p=0. 


HE infrared rotational-vibrational bands of molecules belonging to the 
symmetrical rotator class have been fairly well understood for several 
years, a fact which may be ascribed to their relative simplicity and because 
solutions to the problem of the symmetric rotator in the quantum mechanics! 
have been available for some time. In bands of this kind, each line may be 
described as due to certain definite quantum transitions and the spacings 
between the lines have certain definite meanings in terms of the moments of 
inertia of the molecules. 
Only recently, however, have quantum mechanics solutions to the asym- 
metric rotator been made available* and in bands arising from such mole- 
1D. M. Dennison, Phys. Rev. 28, 318-333 (1926); F. Reiche and H. Rademacher, Zeits. 
f. Physik 39, 444 (1926); R. de L. Kronig and J. J. Rabi, Phys. Rev. 29, 262 (1927). 


2H. A. Kramers and G. P. Ittmann, Zeits. f. Physik 53, 553-565, (1929); S. C. Wang, 
Phys. Rev. 58, 730-734 (1929); O. Klein, Zeits. f. Physik 58, 730-734 (1929). 
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cules, the relations of the spacings between lines to the molecular constants 
are far less apparent. In infrared bands such as those of water vapor*® and 
hydrogen sulphide‘ the fine structure lines cannot be arranged in a linearly 
spaced series and the chief difficulty in their interpretation lies in the inability 
to ascribe to the observed lines definite quantum transitions. Another com- 
plication is, that what frequently is observed as a relatively intense line may 
indeed be a group of lines lying very close together, incompletely resolved, 
arising from many different quantum transitions. 

In view of these difficulties, it has seemed important to make calculations 
on molecular models of various degrees of asymmetry, more clearly to under- 
stand what would be the general appearances of their bands. In a recent num- 
ber of Reviews of Modern Physics, Dennison® has given two charts illustrat- 
ing the characteristics of two of the kinds of bands that may occur in com- 
pletely asymmetric molecules. The purpose of this paper is to extend the work 
of Dennison and give similar charts demonstrating what will be the behavior 
of the bands of slightly asymmetric molecules, namely those which approach 
the linear rotator as their limit. In a later paper it is hoped to discuss char- 
acteristic examples of the spectra of such molecules. 

A,, A,and A, have been chosen as the three principal moments of inertia 
where A, >A,>A,, and in addition the atoms comprising the molecule have 
been restricted to lie in one plane, hence A, = A,+A,. As in Dennison’s work, 
for convenience of calculation a parameter p=A./A, has been chosen and 
the types of bands occurring have been determined for values of p=0.20 to 


p =0 where p was made to vary in steps of Ap = 0.02. 
The energy value of a given rotational state is according to Wang: 


E = (h?/8n*)[J(J + 1)/2(1/Az + 1/A,) + W{1/A, — (1/4; + 1/A,)/2} J (A) 


where W is one of the 2/+1 roots of the secular determinant which occurs 
in the Wang-Klein solution of the asymmetric top. 

In order to solve this determinant for the values of W, it is first factored 
into four algebraic equations. These may then in turn be solved for the W’s 
which in general are functions of a parameter b defined by Wang: 


(1/A, ™ 1/A,) 


a ; (2 
2[1/A, — (1/A. + 1/4,)/2] : 





The algebraic equations from which the W’s may be calculated have been 
obtained for the values of J from J =0 to J = 10 by factoring the correspond- 
ing secular determinants and are given below. These may be shown to be 
identical to those obtained by Dennison® who determined them for J values, 
J=0to J=8 from the Lamé functions used by Kramers and Ittmann in their 
solution to the asymmetric rotator. 


3 W. W. Sleator, Astrophys. J. 48, 125 (1918); W. W. Sleator and E. R. Phelps, Astrophys. 
J. 62, 28 (1925). 

‘ H.H. Nielsen and E. F. Barker, Phys. Rev. 37, 727-732 (1931). 

5 D. M. Dennison, Reviews of Modern Physics 3, 280 (1931). 
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Q 

0 

2° + (1 — 8?) = 0 

1+ 36=0 

1-— 3b5=0 

+=0 

41 — 126° = 0 

4+=0 

41 — 000? = 0 

(10 — 6b)IV + (9 — 546 — 1507) = 0 

(10 + 6b)IV + (9 + 54d 15d?) 

1011 — 6) + (9 — 906 — 6367) 

10(1 + bd) + (9 + 90d — 6362) 

201 + (64 — 28b7) = 0 

201? + (64 — 2088") IV) + 28806? = 

201 + 64 — 108? = 0 

201? + (64 — 528°) IV + 672007 = 0 

W°(35 — 156) + W259 — 5106 — 213d?) — (225 — 3375b 
42455? + 6750b*) = 0 

W°(35 + 150) + (259 + 5106 — 21367) — (225 + 3375b 
42450" — 675b*) = 0 

W°(35 — 21b) + W(259 — 714b — 

91656? — 3465d° = 0 

W°(35 + 21b) + W(259 + 7146 — 

91656? + 34655° = 0 

56? + W784 — 336b7) — 2304 + 99840? = 0 

561V* + W*(784 — 6366?) — 11°(2304 — 341446?) — 4838400? 
554405 = 0 

56H? + IV(784 — 7846?) — 2304 + 20736b? = 0 

561% + W°(784 — 22966?) — (2304 — 993606?) — 870912b* 
3538085! = 0 

1W3(84 — 28d) + W2(1974 — 23246 — 11626?) — (12916 
529486 — 70660b? + 13636) + 11025 — 3087006 — 847098b? 


+ 566244b* + 61425d' = 0 


W*(84 + 286) + W°(1974 + 23246 — 11626?) — W(12916 
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+ 52948b — 7066062 — 13636b*) + 11025 + 3087006 — 8470980? 
— 5662446? + 61425b* = 0 
— W(84 — 36d) + W2(1974 — 2988 — 2250b2) — (12916 
— 680766 — 12762062 + 39420b%) + 11025 — 3969006 — 14559306? 
+ 1477980b* + 363825b' = 0 
— W5(84 + 36d) + 112(1974 + 29885 — 2250b?) — 117(12916 
+ 68076b — 1276206? — 39420b*) + 11025 + 396900) — 145593062 
— 1477980b* + 36382564 = 0 
— 120% + 12(4368 — 165662) — IV (52480 — 138528b?) + 147456 
— 2428416? + 11880064 = 0 
12014 + 11°3(4368 — 4176b2) — 112(52480 — 4308485?) 
11°(147456 — 122664966? + 17971206*) + 9289728002 
9289728064 = 0 
120118 + 12(4368 — 309662) — 1(52480 — 24336002) + 147456 
406886462 + 668304)! = 0 
120114 + 1173(4368 + 705662) — W2(52480 — 70272002) 
(147456 — 195287046? + 64419845) + 1459814400? 
29196288064 = 0 
14(165 — 456) + 13(8778 — 73806 — 408602) — 172(172810 
3876306 — 53613062 + 100710b*) + 11°(1057221 — 73888206 
1956515462 + 1113534003 +4822149b') — 893025 + 401861256 
18934479062 — 2689645506" — 450528055! + 9398025b5 = 0 
W4(165 + 456) + W3(8778 + 73806 — 408662) — 12(172810 
3876306 — 53613062 — 1007106*) + 11°(1057221 + 7388820b 
195651546? — 11135340b* + 182214964) — 893025 — 401861250 
1893447805? + 2689645506* — 450528056* — 939802555 = 0 
174(165 — 556) + 13(8778 — 9020b — 688662) — 72(172810 
473770b — 86581062 + 2242906*) + 11°(1057221 — 90307800 
3055595462 + 235318606* + 63905494) — 893025 + 49116375b 
+ 28848231062 — 542218050b* — 34647304564 + 622140755 = 0 
5 — 114(165 + 556) + 1W3(8778 + 90206 — 6886b?) — W2(172810 
+ 473770b — 86581062 — 224290b%) + 11°(1057221 + 9030780d 
— 305559546? — 23531860)? + 63905496") — 8903025 — 49116375b 
+ 2884823106? + 542218050b3 — 3464730450! — 6221407505 = 0 
“5 — 22014 + 173(16368 — 5456b2) — 172(489280 — 9328006) 
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+ 11(5395456 — 460951040? + 31651845") — 14745600 
+ 639452160b? — 252702720b' = 0 

W® — 220N> + 14116368 — 11396b7) — 1%(489280 — 22158405?) 
+ 11°°(5395456 — 138188864)" + 20438704b') — 1(14745600 
+ 31774003206? ~ 269741664064) — 218972160006? 
+ 77803545600)! — 203148000054 = 0 


The selection rules for the asymmetric rotator have been correctly stated 
by IXramers and Ittmann® in their third paper and again in a more simple 
manner by Dennison.® In both papers, it is shown that there are three sets 
of rules depending upon whether the electric moment vibrates along the x- 
axis, the y-axis or the s-axis. In accord with these, asymmetric molecules may 
in general have, as we shall see, three different kinds of infrared bands. 

The intensity with which a line will occur in the spectrum corresponding 
to a given quantum transition is expressed by the relation :? 


—E(J ,r)/kT 


(4) 


" oe P 
Io = K(Ag,')2NU)gr/eue 


where \V(J/) is the number of molecules in the state J, g; and g,, the a priori 
probabilities of the initial states and final states respectively. A(J’r’/Jr) are 
the amplitudes which in the case of the symmetric rotator are well known.! 
lor the asymmetric rotator, the amplitudes for a (J,7, 1J—J', r’, \/’)transi- 
tion can be calculated from the already known amplitudes of the symmetric 
rotator and from the characteristic functions. Once the values of W have been 
obtained, a set of matrix equations may be obtained from which these char- 
acteristic functions may be determined. The actual Jr—J’r’ intensity can 
then be found by summing over all the Zeemann components. Kramers and 
Ittmann® have, however, devised a method which, while it is entirely equiva- 
lent to the above procedure, seems more adaptable for numerical work. This 
method was here used for the most asymmetrical case (i.e. p=0.2) and the 
results compared with those given by the symmetric amplitudes for corre- 
sponding transitions. The divergence between the two was found to be so 
slight that in the remaining cases, the latter were used. Certain transitions may 
of course occur here for which there are no corresponding ones in the sym- 
metrical case, but for the range of molecules under consideration, these take 
place with an intensity only slightly different from zero, and may well be 
neglected. 

A complete picture of each of these types of bands should of course in- 
clude the most intense lines of the spectrum, i.e., those which will be intense 
enough to be distinguishable from neighboring lines. Just how many values 
of J will be needed to do this must depend to a large extent upon the moments 
of inertia of the molecule, since for larger values of the energy the Boltz- 


6 H. A. Kramers and G. P. Ittmann, Zeits. f. Physik 60, 663-681 (1930). 
7 R. C. Tolman, Statistical Mechanics with Applications to Physics and Chemistry, New 
York, 1927. 
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mann factor of Equation (4) becomes an important item in determining the 
intensity of a line. For example; in the case of lighter molecules, only a few 
values of J might be required, while for heavier molecules, several might be 
necessary. 


Type A 








| 


.20 Serer reer s eres ees 


a= 


\ | il i 
| Hl Wash i A 


| 


| 
HUI 
il 





Fig. 1. 
" 


i 


een 





Thus for such molecules as formaldehyde eG 


>. 


C =0) where two of the 


moments of inertia are quite large (of the order of 2.0X10-** gm-cm?) and 
the third small, a fairly good idea as to the appearance of the bands, especially 
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near the center, may be had with values of J up to say J=6. Since it is 
thought that these calculations will prove most useful to molecules of just 
this kind, Boltzmann factors have been used throughout corresponding to a 
largest moment of inertia. A, =2.0X10-* gm-cm?*. The forty-nine levels of 
J=0, 1, 2, 3, 4, 5, 6 were used to determine the positions of the lines in these 
bands. The results of these computations are plotted in Figures 1, 2 and 3. 

In Figure 1 is shown the type of band arising when the electric moment 
changes along the least axis (Z-axis) of inertia. This type of band we desig- 
nate as type A. It consists of P, Q and R branches of which the Q branch di- 
minishes as p approaches zero. This becomes apparent by inspection of Equa- 
tion (1), for keeping A, constant, then as p decreases, the energy values where 
W #0* become greater and greater while at the same time the corresponding 
Boltzmann factors become smaller and smaller until in the limiting case, the 
linear rotator where p =0, they become zero. In the latter case the Q branch 
vanishes completely, as is well known from the HCl-like spectra. From Figure 
1 it is clear that to give a complete picture of this type of band showing all the 
line groups that would be observable in the case of the molecule which we 
have chosen, many more values of J would be required than have here been 
used. From the six values used, however, a fairly good idea may be had how 
the band appears near the center and how each line in the linear case becomes 
a group of closely spaced lines as p becomes different from zero. The scale to 
which these values have been plotted is indicated on the diagram where the 
unit it taken as h/87°A,. Hence two lines on the diagram which are separated 
by say » units differ in frequency by an amount w//87°A,. It should also be 
pointed out that in such cases where two lines were found to lie extremely 
close together they have been plotted as one line of their combined inten- 
sities. 

In Figure 2 is shown the kind of band arising when the electric moment 
vibrates along the intermediate (y-axis) of inertia and it is denoted as type 
B. It should be emphasized that the scale to which these values have been 
plotted is much smaller than before. The unit used and indicated in Figure 2 
is taken as 5//87°A,. As is indicated in the diagram, as p decreases, the spac- 
ing between lines or groups of lines becomes coarser and coarser until in the 
limiting case where p=0, this type of band completely vanishes. In other 
words the ratio between the spacings of groups of lines in type B and in type 
A becomes larger and larger as p decreases. The reason for this becomes clear 
upon inspection of the selection rules and of the energy equation (1). It was 
pointed out in the preceeding section that as p is decreased, the energy values 
where W#0 become larger and larger. The increase of spacing in type B 
as p is decreased is inherent with this same effect since the permitted transi- 
tions are just between such levels which as they increase in energy, also 
spread farther and farther apart. One observers, moreover, that as the spacing 
between lines increases, corresponding lines on opposite sides of the center of 

* For the molecules which we are here dealing with, one of the W values for each value 


of J is found to be practically zero. In fact its value decreases with p and where p=0 this 
value of W becomes identically zero. 
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the band begin to vary widely in their intensities. It is evident that this should 
be so for the line on one side of the center corresponding to one on the other 
side of the center arising from a J’r’—J’’r’’ transition is a line arising from 
a J'’r'’—J'r’ transition; the ratio of their intensities being given by: 


—(E''—E’')/kT 


A =e : (S) 
Type B 
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Fig. 2. 


If now E"’ represents increasingly more and more energy as p decreases than 
does FE’, then by (5) the ratio of intensities of these corresponding lines must 
become smaller and smaller. It is evident that the degree to which these 
differences in intensity of corresponding lines about the center take place 
depends entirely upon the values of the moments of inertia. As was earlier 
pointed out, these calculations have been made for a molecule for which 
A,=2.0X10-** gm-cm?, but for any other molecule where the moments of 
inertia are much different these intensities may be somewhat invalid. 
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As in type A, it is clear that more values of J would be required to give 
a complete description of these bands. Near the center, however, a fairly 
complete representation of the structure of the bands exists. The main differ- 
ence in this region of adding more values of J would be to intensify line groups 
and to further fill in the background between such groups. It is believed that 
a fair representation of the lines is given out to about three lines from the 
center. As before when two lines lie too close together to be plotted separately 
they have been plotted as one line with their combined intensities. 
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In Figure 3 is shown the third type of band which may occur and which 
has been designated as type C. This type of band originates with vibrations 
of the electric moment along the largest axis (x-axis) of inertia. Within the 
range of molecules with which we have been dealing this type of band much 
resembles type B, and for p = 0 they would become identical. The main differ- 


8 F. Hund, Zeits. f. Physik 43, 805 (1927). 
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ence between the two may be seen from the diagram to be a tendency of the 
two lines nearest the center to form a Q branch while no such tendency exists 
in the type B band. In our case, however, what has been said about type B 
bands with respect to spacing and intensities is equally applicable to type C. 
Figure 3 is plotted to the same scale as Figure 2. 

In such molecules where there are two or more identical atoms, each 
energy level must be classified as symmetric or antisymmetric. The sym- 
metry properties of several kinds of molecules have been discussed by Hund® 
and more fully by Dennison,® but since the nature of this classification must 
depend upon the characteristic functions of the respective vibrations as well 
as upon those for the rotations and must consequently be considered especi- 
ally for each individual molecule, this has not been taken into account. No 
generalization whatever can be made about the effect upon the appearance 
of the band except that it tends to make certain lines appear stronger than 
others. 

By way of summary, it may be stated that as an aid in the interpretation 
of the infrared bands of the nearly linear slightly asymmetric rotators, 
calculations have been made on models of varying degree of asymmetry, each 
characterized by a parameter p defined as the ratio between the least to the 
intermediate moment of inertia. The further restriction that the atoms com- 
prising the molecule shall lie in one plane has also been introduced. Three 
different types of bands were found to occur depending upon whether the 
electric moment vibrates along the least, the intermediate or the largest axis 
of inertia. Of these three types of bands, two were found to resemble one 
another to a great extent within the range of molecules that have been con- 
sidered. Three charts summarizing the results of the calculations have been 
prepared which it is believed represent fairly accurately the general char- 
acteristics of the infrared bands of slightly asymmetric molecules,and it is 
hoped that these may prove themselves of value to the infrared spectroscopist 
as an aid in classifying and interpreting the spectra of such molecules. 
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AN ABSORPTION BAND IN ETHYLENE GAS IN 
THE NEAR INFRARED 


By RicHarp M. BapGeR AND Joun L. BINDER 
GATES CHEMICAL LABORATORY, CALIFORNIA INSTITUTE OF TECHNOLOGY 
(Received August 12, 1931) 
ABSTRACT 

The absorption spectra of gaseous ethane and ethylene have been investigated by 
photographic methods in the region \X6500- 9500. In the case of ethane no absorption 
was found. In ethylene a rather strong band was found at 48720 which has a structure 
resembling that predicted by H. H. Nielsen for the oscillation-rotation bands of a mole- 
cule with moments of inertia in the ratio 1.4:1:0.14. The following very provisional 
values for the moments of inertia of the ethylene molecule are given: A,=31X 107%, 
A, =27 X10-*, 4,=3.8X10-, 


INTRODUCTION 

N THE cases of some special polyatomic molecules where two of the 

moments are equal, either due to the symmetry of the molecule, as in am- 
monia,! or to a linear structure, as in acetylene? and hydrogen cyanide,* the 
vibration rotation spectra have submitted to a satisfactory analysis. But for 
the general case of a molecule with three unequal moments of inertia we have 
as yet no example which has been subjected to anything like a thorough 
treatment. In fact the spectrum of what might be expected to be a very sim- 
ple case, the water molecule, has resisted many attempts at analysis. 

One might expect the problem to be somewhat simplified in the case of a 
molecule which approximates a symmetrical rotator, in that two of the mo- 
ments of inertia are nearly equal. A rather simple example of a molecule of 
this type is ethylene. The infrared spectrum of ethylene has been thoroughly 
investigated by Levin and Meyer? with thermocouple technique, but the re- 
solving power employed was not quite sufficient to allow an analysis of 
the bands. Some time ago, during some preliminary work in the photographic 
infrared, an ethylene band was observed by one of the authors,’ which was 
comparatively well resolved and which showed some interesting features in 
its structure. The present article describes further work, in which consider- 
able improvement in the resolution of the band has been obtained. 


EXPERIMENTAL PROCEDURE 
The ethylene gas used in this investigation was a commercial product 
prepared for anaesthetic purposes, guaranteed to be 99.2 percent pure. It was 
confined in a steel tube 280 cm in length, closed at one end with a plate glass 


1R. M. Badger and R. Mecke, Zeits. f. phys. Chem. Abt. B, 5, 333 (1929). 
2 K. Hedfeld and R. Mecke, Zeits. f. Physik. 64, 151 (1930). 

8’ R. M. Badger and J. L. Binder, Phys. Rev. 37, 800 (1931). 

4 A. Levin and C. F, Meyer, J. Opt. Soc. Am. 16, 137 (1928). 

®°R. M. Badger, Phys. Rev. 35, 1433 (1930). 
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window and at the other with a mirror. The light from the tungsten lamp 
source traversed the tube twice before entering the slit of the spectrograph. 
The latter contained a ten-foot grating in an Eagle mounting. The exposures 
were made in the first order using the iron arc spectrum in the second order 
for calibration. In most of the experiments the gas pressure employed was 
three atmospheres, in a few others about half an atmosphere. Eastman in- 
frared sensitive plates hypersensitized in ammonia were used. 

Since the absorption band observed is very complex, and since the resolv- 
ing power of the photographic plate for absorption spectra is much less than 
for emission spectra, especially when the absorption is weak and the contrast 
poor, the following method was used in working up the results. A number of 
plates were exposed and from these the four best ones were chosen, and were 
enlarged about four times on fine-grained contrast plates. From these, hori- 
zontal regions free from pinholes and other blemishes were chosen and en- 
largements made on contrast film, using a weak cylindrical lens together with 
the camera lens to introduce astigmatism and get rid of grain. The four films 
which resulted were carefully superposed, and a reduced copy of this com- 
posite picture was made and photometered. 

One has to be much more careful in introducing astigmatism to get rid of 
grain in absorption spectra than in emission spectra, since pin holes in the con- 
tinuous background are likely to be mistaken for absorption lines. We believe 
that this difficulty has been avoided and the method worked very well as 
lines which were very doubtful on the original negatives came out quite defi- 
nitely in the final picture. As can be seen on the photometer curve reproduced, 
the effect of grain has been almost eliminated and it is probable that even the 
small humps on the curve are significant. 

In each of the several photographic procedures the contrast in the regions 
of weak absorption was improved, but with a corresponding loss of detail in 
the region of strong absorption, as can be seen on the photometer curve. The 
weak lines were consequently measured on the photometer curve, and the 
strong lines on another composite picture with less contrast, made from two 
other of the original negatives. 


EXPERIMENTAL RESULTS 


A careful investigation of the region AA6500—-9500 resulted in the discovery 
of only one absorption region in ethylene gas. This is a very complex band, 
near the center of which are two strong maxima about 8 Angstrom units apart, 
which have the appearance of the Q branches found in the simpler oscillation- 
rotation bands. The absorption on the short wave-length side of these maxima 
seems to be greater than on the opposite side, but this may be due to the fact 
that this side of the band is better resolved. The band does not have very 
much resemblance to any of the ethylene bands found by Levin and Meyer' 
in the farther infrared. However, if the spacing between groups of closely 
neighboring lines is compared with the spacing of the maxima of the latter 
bands, the band at A8720 is somewhat similar to the band at 3.2u on the short 
wave-length side; and to the band at 2.3u on the long wave-length side. 
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TABLE I. The ethylene band at \8720. 





line \ vy (em) line d vy (cm7) 
4 8072.0 11528 .2 0 8719.9 11464.8 
ri | 74.3 25.2 20.4 64.2 
13 77.2 21.3 22.3 61.9 
= 78.6 19.4 
1 23.6 60.0 
79.9 7.6 = D465 58.8 
112 80.7 7 
bates \81.7 3 —2 20.6 56.1 
82.4 t.4 
—3 28.6 53.5 
Lt 84.9 11.0 
* 186.5 08.9 29.9 51.7 
+10 91.7 02.1 32.3 48 .6 
+9 93.2 00.1 33.9 46.5 
—4 34.9 45.2 
418 94.8 11498 .0 36.5 43.0 
. \95.8 96.7 . 
< 39.9 38.6 
+7 870.33. 87.2 iis (41.2 37.0 
+6 05.0 84.6 = 44.2 33.0 
P 45.3 31.5 
+5 07.8 80.9 
47.9 28.1 
+4 09.3 78.8 —7 50.1 25.2 
(51.0 24.0 
10.5 ye 
ae 54.6 19.4 
+2 13.4 73.4 
[35.2 71.0 
aa 4 
si 16.4 69.4 
18.1 67.2 


Brackets indicate definite regions of strong absorption which may, however, have a more 
complex structure than that indicated by the maxima given, The lines which are not numbered 
are doubtful. 

The wave-length and frequency of absorption maxima, measured in the 
way described above under experimental procedure will be found in Table I, 
and a graphical representation of the band, together with a reproduction of a 
microphotometer curve, in Fig. 1. It is believed that all the maxima recorded 
are real with a few possible exceptions which are indicated in the table. 

It should be mentioned at this point that ethane gas was also investigated 
in the same region as ethylene, but at pressures up to one atmosphere, in the 
absorption tube described above, no absorption was found. This is unfor- 
tunate since ethane has some points of special interest, especially the possi- 
bility of free rotation of the methyl groups relative to each other, about the 
carbon-carbon bond. However, in this investigation it was not possible to 
obtain enough pure gas to work at appreciably higher pressures. Ethane pre- 
pared from natural gas was found to contain methane in disturbing amounts, 
which could not be completely removed, and the gas used had to be prepared 
from ethylene bromide with the use of a zinc-copper couple. 
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DISCUSSION OF RESULTs 

The results of this investigation are here presented, though their com- 
plete analysis is as yet lacking, because of the rather striking similarity be- 
tween the spectrum observed and that which has been predicted by quantum 
mechanics. The theory of the unsymmetrical rotator was worked out some 
time ago, but it is only recently that the results were put in a form such that 
they might readily be compared with experiment. In the last few months 
DD. M. Dennison* and H. H. Nielsen’® have calculated the vibration rotation 
band structure to be expected from plane, unsymmetrical rotators having mo- 
ments of inertia in various ratios, and these results have beeen presented in 
diagrams which can readily be compared with observed spectra. In the pres- 
ent problem the diagrams of Nielsen are more useful, and copies of these were 
very kindly sent to the authors in advance of their publication. 
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Fig. 1. The ethylene band at \8720. A, Photometer curve of a composite picture made from 
four negatives. B, The principal maxima plotted on a frequency scale. C, Predicted spectrum 
for a molecule with constant moments of inertia in the ratio 1.14:1:0.14, when the change of 
electric moment due to vibration is along the intermediate axis. (Calculated by H. H. Nielsen). 

The predicted spectra were necessarily calculated for a very much ideal- 
ized case. A rigid molecule was assumed, the effect of special symmetry prop- 
erties of the molecule on the intensities of the lines was not considered, and 
the Boltzmann factor was neglected. However, in Fig. 1, in which the ob- 
served ethylene band at \8720 is compared with the spectrum predicted for 
an ideal molecule with moments of inertia in the ratio 1.14:1:0.14, a consid- 
erable similarity is evident. In particular one notes the two strong absorption 
regions which have the appearance of Q branches, and several of the more 
intense lines on the high frequency side of the band. On the low frequency 
side the similarity is less evident. One might of course expect a marked dis- 
symmetry in the band due to the effect of symmetry properties, and due to 
the stretching of the molecule as it vibrates. The second effect is difficult to 


¢ D. M. Dennison, Reviews of Modern Physics 3, 280 (1931). 
7H. H. Nielsen, Phys. Rev. 38, 1432 (1931). 








1446 R. M. BADGER AND J. L. BINDER 


take into account at present since it is not quite certain what kind of oscilla- 
tion gives rise to the band in question. It is rather probable that it is an over- 
tone of a very active nonharmonic fundamental oscillation, since it is the 
only band observed in the photographic region. If so, it is probably the fourth 
harmonic of the fundamental at 3107 em ', but the possibility is not entirely 
excluded that it may be a combination band. Further work in the intermedi- 
ate infrared will probably be necessary to decide this point definitely. 

If the correspondence between the observed ethylene band the predicted 
spectrum is real, it is possible from Nielsen's diagrams to estimate approxi- 
mate moments of inertia of the ethylene molecule. These are A,=31X10>*, 
A,=27.X10 *, and A-=3.8X10 *. These values are given provisionally. If 
one assumes that the angle between the bonds joining two hydrogen atoms 
to one carbon atom is the same as in methane, 109° 28’, one finds for the 
C-C separation 1.32A, and for the C-H separation 0.92A, which are cer- 
tainly quite reasonable values. 

Note added August 31, 1931. The authors have recently received from 
H. H. Nielsen copies of some of the new diagrams of predicted types of oscil- 
lation-rotation bands which appear in an article by him in this issue of the 
Physical Review.’ These figures are more complete than the preliminary ones 
which were available at the time of writing of this article in that they include 
additional lines due to quantum levels for which J has the values 5 and 6, and 
that a correction has been made to the intensities which takes account of the 
Boltzmann factor. These changes slightly alter the general aspect of the fig- 
ures and suggest a somewhat different interpretation of the ethylene band 
than that indicated above. 

First of all the agreement between the experimental photometer curve 
and the predicted band now seems to be better for the “C” type of band; that 
is a band due to a vibration in which the change in electric moment is normal 
to the plane of the molecule. This is interesting since it indicates that the 
band under discussion is due to a combination of one of the deformation 
oscillations with a harmonic of one of the so-called valence frequencies. 
Further, a slight change in scale in comparing photometer curve and diagram 
seems desirable, which of course produces a corresponding change in the esti- 
mated moments of inertia. As before the maxima designated as +1 and —1 
are to be interpreted as due to the first densely packed sets of lines on the two 
sides of the band origin, but it would appear that the maximum +7 (and 
probably —4) should be correlated with the second densely packed set of 
lines instead of with a single line. 

If one draws from the diagrams a “predicted” photometer curve, by intro- 
ducing factors to take account of the finite resolving power of the spectrome- 
ter and photographic plate, one finds a much greater correspondence between 
the observed and predicted curves than might be expected when one con- 
siders the possible influence of symmetry factors. The agreement is indeed 
very good in the central portion of the band. The outer portions of the calcu- 
lated diagrams are less complete and it may be necessary to calculate addi- 
tional lines for values of J up to about 10 before the final interpretation of 
the ethylene spectrum is made. 

The authors are indebted to H. H. Nielsen for several helpful suggestions. 




















OCTOBER 15, 1931 PHYSICAL REVIEW VOLUME 38 


THE MAGNETIC ROTATION SPECTRUM AND HEAT OF 
DISSOCIATION OF THE LITHIUM MOLECULE 


By F. W. Loomis ann R. E. Nussbaum 
THE UNIVERSITY OF ILLINOIS 


(Received August 20, 1931) 
ABSTRACT 


The magnetic rotation spectrum of the green, 'Il—'S, band system of Li, has 
been observed and used to locate bands with high quantum numbers and so to ob- 
tain an accurate value for the heat of dissociation of the normal Li. molecule, yielding 
D,'’=1.14+0.03 volts. The spectrum is less simple than in Na», for instance, in 
that we observe not only a strong line at the head of each band, but also a few lines 
of the P and R, but not Q, branches. An improved method of plotting Franck-Condon 
diagrams is illustrated. 


T HAS been shown by Loomis! in the case of sodium that the magnetic 

rotation spectrum affords a very powerful method of attack on the analysis 
of the vibrational levels of a molecule, and particularly on the extension to- 
wards higher levels which is necessary for good estimation of the heat of dis- 
sociation. The reason for this is that the magnetic rotation spectrum is a 
much simplified version of the absorption spectrum with, consequently, 
much less overlapping of bands, so that the bands of high quantum numbers 
which are weak and, in this type of molecule at least, lie among stronger 
bands, can be identified and measured. 

According to the simple theory of the magnetic rotation spectrum,* the 
intensities of lines in the P and R branches are proportional to the intensities 
of the corresponding absorption lines, times the Zeeman splitting, times some 
function of the Zeeman pattern. The Q branch should not appear in magnetic 
rotation. The Zeeman splitting falls off so rapidly as one proceeds from the 
origin, roughly as 1 J*, that only the lines nearest the origin appear at all. In 
fact, in sodium, each band appears as just one line, at the head, made up, in 
reality of a group of strong R lines. The corresponding P lines of low J are 
spread out and do not appear under the usual conditions. Roughly, it may be 
said that the magnetic rotation spectrum is rather like an absorption spectrum 
with an extremely low effective temperature as far as molecular rotation is 
concerned, but not as to vibration. 

Now a vibrational analysis of the spectrum of Liz has already been made 
by Wurm,’ on the basis of absorption measurements, and a value, 1.69 volts, 
deduced therefrom as the heat of dissociation; but the extrapolation is so 
long that no particular reliance can be placed on the result. The authors have 
therefore thought it desirable to study the magnetic rotation spectrum of 

' Loomis, Phys. Rev. 31, 323 (1928). 


2 Kemble, National Research Council Bulletin 57, Chapter VII 
3 Wurm, Naturwiss. 16, 1028 (1928). 
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Lis, with a view to obtaining a dependable measurement of the heat of dissoci- 
ation, and also of gaining further information about certain other points 
which will be discussed below. 

While this research was in progress Professor Bartlett and Mr. Furry of 
this department carried through a computation of the heat of dissociation by 
quantum theoretical methods which are much more precise than that which 
had previously been used by Delbriick! for the same purpose. Delbriick had 
obtained the value 1.4 volts. Bartlett and Furry’ found 1.12 volts. 

Because of the high temperatures required to vield enough lithium vapor, 
it Was necessary to use a somewhat modified experimental method. The 
lithium was contained in a nickel tube 100 em long by 2.5 em diameter, with a 
side tube fused on near one end for evacuation and with glass windows at the 
ends attached with sealing wax. -\s temperatures near the melting point of 
nickel were to be used, it was necessary to have a method of heating which 








.f ° 
. 
. 
a Y rr -oee | 
V JUL UU 
INO \— 
VUJUUU UL 
Fig. 1. Diagram of apparatus. @, a: cooling jackets. >: nickel absorption tube. ¢: water layer. 


d. asbestos layer, e, e, e. pancake coils, 


allowed precise temperature control. For this purpose a large current (about 
150 amperes) was sent along the nickel tube itself from a step down trans- 
former governed by an induction regulator. Contacts were made to the tube 
by special water cooled electrodes which served the double purpose of pre- 
venting local heating at the contacts and of keeping the windows cool. 

The magnetic field was produced by an air-cooled solenoid consisting of 50 
coaxial pancake coils, each made of 90 turns of half-inch copper ribbon 0.05 
em thick and insulated by winding half-inch asbestos ribbon between the 
turns of the copper. The solenoid could carry a steady current of about 30 
amperes and produced a field of some 1800 gauss. The nickel tube became 
saturated at low fields and did not act appreciably as a magnetic shield to the 
lithium vapor. The solenoid was protected from the heat of the nickel tube 
by a thin layer of water flowing between two coaxial brass tubes between the 
nickel tube and the solenoid. A diagram of the apparatus is shown in Fig. 1. 

Usually sunlight was used as a source. It was reflected from a heliostat, 
through the first nicol, the tube of lithium vapor and the second nicol and 
focussed with a lens onto the slit of the spectrograph, a Hilger El with glass 


* Delbriick, Ann. d. Physik 5, 36 (1939). 
® Bartlett and Furry, Phys. Rev. 37, 1712. (1931). 
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optical system. Before the magnetic field was turned on, the nicols were set 
for extinction. This could only be done with success when the beam had been 
restricted by shields so that no part of the light was reflected from the walls of 
the tube. When the field was turned on, the spectrum appeared and could 
be photographed with exposures of from fifteen minutes to some ten hours, ac- 
cording to slit width, vapor density, ete. 

There are two band systems of Li, in the visible, which have the 'S 
ground state of the molecule in common.":*> The green system is a 'I]—'!Z 
transition, the red one is 'S—'Z, just as in the case of sodium. A photograph 
of almost the whole of the green system is reproduced in Fig. 2a; an enlarged 
portion of it, near the system origin, being shown in Fig. 2b. Attempts to find 
a Magnetic rotation spectrum in the red have been unsuccessful. Unfortu- 
nately we are unable to say whether this is due to nonexistence of the spectrum 
or our inability, being limited by the melting point of nickel, to get sufficient 


mtn ee Pe Un) ee ee 


“Ajeih bibs We 


Fig. 2. a. Whole green magnetic rotation system of Liy. b. Enlarged portion near origin. 
Short lines are iron comparison, 


density of lithium molecules. It would be an interesting point to settle. There 
is a strong red magnetic rotation spectrum® of sodium in the region of the 
1Y—!S system but all attempts to correlate it with the absorption system 
have hitherto failed. Moreover it is theoretically not to be expected that a 
‘YS —'¥ transition should have a magnetic rotation spectrum. We find that 
the magnetic rotation spectrum is stronger the lower the pressure of residual 
gas: and consequently we work with as low a pressure as is compatible with 
not fogging the windows. This is about 0.5 mm. The optimum temperature, 
or density of vapor, depends on the portion of the spectrum in which one is 
most interested. Too much vapor wipes out the spectrum by reabsorption. 
On account of the favorable intensity distribution, discussed above, it was 
comparatively easy to extend the progressions of bands, in both directions, 
to where they completely disagreed with Wurm’s* and with Harvey and 
Jenkins’ formulas. As convergence is approached however the process of 
measuring bands and assigning quantum numbers becomes difficult and it is 
necessary to proceed with caution. It is worth while to consider the reasons 
for this, as they constitute the essential limitations on the extent to which con- 


* Wurm, Zeits. f. Physik 58, 562 (1929), 

7 Wurm, Zeits. f. Physik 59, 35 (1929), 

* Harvey and Jenkins, Phys. Rev. 35, 789 (1930). 

* R. W. Wood, Proc. Am. Acad. 42, 235 (1906); Astrophys. J. 30, 339 (1909), 
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vergence can be approached, and hence on the accuracy with which heats of 
dissociation can be deduced from band spectra, at least of this type. 

One difficulty is that, as convergence is approached, it ceases to be possible 
to represent the levels by any simple formula, so that extrapolation becomes 
difficult. If the spectrum is sufficiently sharp, however, this can be overcome 
with patience; since, when the correct assignments are found, the combination 
relations accurately check them. 

Another ditheulty is that we are not here dealing with a simple extreme 
case, such as iodine, where one can follow one single 7’ progression all the way 
to convergence because the Franck-Condon parabola lies along the axis of 
v’ (or 7’). Rather, in order to reach high values of 7’ we have to be able to 
assign the high numbered bands to the usual two dimensional array and more- 
over the weak bands with high 7’, in which we are most interested, lie among 
the strong bands near the system origin. That this is so can be readily seen 
by inspection of the improved Franck-Condon diagram in Fig. 7. Note that, 
as explained below, the frequeney of each band is obtained by projecting it 
back at 45° onto the 7” axis. This difficulty is the real limitation on the extent 
to which the absorption spectrum can be followed, as these weak bands are 
completely covered by the strong ones near the system origin. The principal 
advantage of the magnetic rotation method is that it localizes the strong 
bands so sharply that the weak ones can be picked out between them. 

A more serious limitation is the rapidly diminishing intensity of the bands 
with increasing 7’. The bands with highest v7’ lie on the left arm of the Franck- 
Condon parabola and correspond to transitions between the steep parts of 
the potential energy curves. Now with increasing v’ the steep left side of a 
curve becomes steeper and the flat right side becomes very much flatter and 
correspondingly the time the vibrator spends in turning around at the left 
end becomes less while that spent at the right end becomes very much greater. 
The result is that the favoring of the right arm of the parabola over the left 
arm, which is present at all levels, becomes much accentuated at high quan- 
tum numbers and the transitions corresponding to the left arm of the parab- 
ola become very weak. This is often a controlling factor in intensity dis- 
tribution, both in absorption and emission (fluorescence) spectra. This ex- 
planation can easily be restated in quantum mechanical form. 

Contrary to what one might at first suppose, the Boltzmann factor is not 
the most important limitation on the intensities of the bands needed for 
estimation of the heat of dissociation. These bands have high v’ but not 
particularly high v’’, see Fig. 7, and it isv’’ which, in absorption and magnetic 
rotation, is controlled by the Boltzmann factor. The right arm of the Franck- 
Condon parabola extends to much higher values of v’’ than are found on the 
left arm. 

Two further factors probably contribute to the difficulty of measuring 
bands with high v’. First, the heads of these bands tend to become somewhat 
diffuse, as B’ decreases rapidly and |C_ increases, bringing the head to the 
origin where the line intensity is zero, and carrying the region of maximum 
intensity away from it. Second, there should be trouble due to an overlapping 
continuum which the Franck-Condon curve runs into. See Fig. 7. 
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The spectra in Fig. 2 are in one respect distinctly different from any previ- 
ously observed. Whereas Wood's’ magnetic rotation spectra of sodium con- 
sist of sharp lines, which have been interpreted, as explained above, as due to 
the piling up of strong R iines at the head of each band, here many of the 
strong lines show shading toward the red, or even series of lines running off to 
the red. Theoretically these should be the lines of the P branch and this we 
have confirmed by measuring them and comparing them with the absorption 
lines in the bands studied by Wurm‘ and by Harvey and Jenkins.* In each 
case we were able to show that the P and R lines were present and the Q 
lines absent; which is as it should be. It is interesting to see the theory of the 
formation of the line magnetic rotation spectrum confirmed in detail because, 
although it is intrinsically plausible, it has always seemed a little hard to rec- 
oncile with the sharpness of the lines. The present method of observation 
with a long tube of vapor tends to enhance these weak lines relatively to the 
strong ones because the strong ones are cut down by absorption. 

All bands to which quantum numbers have been assigned are shown in 
Table I. The structure lines which shade off from these band heads are not in- 
cluded, nor are a number of weak heads which could not with certainty be 
distinguished from the structure lines. All distinct heads are included. 
Columns 1 and 2 give the quantum numbers assigned. Where a prime is 
attached the band is due to the isotopic molecule Li? Li®. Column 3 shows 
the very roughly estimated photographic intensity. Column 4 shows the 
observed frequency; column 5 the frequency calculated by Eq. (1) and 
column 6 the difference, observed frequency minus calculated. 

It will be noted that bands due to the molecule Li’ Li® are present. In 
many cases they are strong enough so that their P branches show. Now Li® 
is about 1/16 as abundant as Li’, so that these molecules should be about 1/8 
as abundant as Li’ Li’. There is a slight, but very slight, hope that if we can 
later photograph this spectrum with higher dispersion we may be able to de- 
tect bands due to the molecules Li® Li® which are 1/256 as abundant as Li? 
Li’, and possibly even detect the alternating intensities, or the absence of 
alternate lines which has been predicted on the basis of absence of hyperfine 
structure’® of the atomic lines. 

Since our measurements extend to bands with v’ and v’’ so high that 
Wurm’s and Harvey and Jenkins’ formulas completely fail, it was necessary 
for a good estimate of the heat of dissociation to construct a new formula to 
represent all the bands. Eq. (1) 


v = 20439.40 + 269.69(v’ + 3) — 2.744(0’ + 3)? — 0.0637(v’ + 3)3 
— [351.60(0” + 3) — 2.590(v” + 3)? — 0.0097(0” + 3)] (1) 


was found to fit all the bands with v’<12 rather well, and the residuals in 
Table I are calculated with reference to it. It appears however that bands 
with v’ =>12 show systematic and large deviations from this formula. Another 
third degree equation, 


10 Schiiler, Zeits. f. Physik 66, 431 (1930). 
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218.92 
105.34 
22056 .62 
22032 .75 
21973 .67 
21887 .89 
21882 .43 
21882 .43 
21837 .64 
21759.13 
21726.92 
21711.58 
21652 .90 
21632 .94 
21563 .84 
21551.15 
21538 .15 
21501 .74 
21418 .22 
21418 .22 
21367 .13 
21307 .93 
21295.48 
21226.43 
21198 .91 
21195 .97 
21171.42 
21092 .51 
21081 .68 
21081 .68 
21069 .55 
21041 .01 
20966 . 64 
20966 .64 
20939 .54 
20919 .78 
20907 .05 
20858 .69 
20839 .65 
20825 .08 
20751.12 
20729 .28 
20722 .40 
20670 .39 
20663 .32 
20638 .98 
20576 .40 
20571 .73 
20397 .79 
20395 .24 
20315 .32 
20232 .97 
20149 .02 
20062 .06 
20052 .24 
19974 .93 
19974 .93 
19815 .91 
19738 .10 
19708 .61 
19678 .51 
19637 .74 
19567 .22 
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TABLE I. (Cont.) 





observed- 








v } v 
r—- | Intensity observed calc. by (1) | calculated 
0 3 | 12 | 99374.16 =|) 19375.11 | 0.95 
1 4 3: 19308 .58 19308.70 | —0.12 
6 8 1 | 19264.23 |  19263.49 +0.74 
2 5 3 | 19242.18 | 19241.67 | 40.51 
3 6 3 19174.06 | 19173.70 | 40.36 
4 | 7 0 19104.23 | 19104.45 | -0.22 
1 5 1 18983.49 | = 18983.74 —0.25 
2 6 1 18922.34 | 18922.21 +0.13 
3 7 | 6 18859 .63 18859.79 | 0.16 
4 8 1 18797. 24 18796.17 | = $1.07 
5 9 | 1 18730.83 18731.02 | —0.19 
1 6 0 18664 .50 18664 .28 +0.22 
6 10 0 18664 .50 18664 .00 +0.50 
2 7 0 18607 .85 18608 .30 —0.45 
3 8 0 18552.16 18551.51 +0.65 
4 9 0 18493 .76 18493 .56 +0.20 
5 10 0 18433.24 18434.14 —0.90 
6 11 1 18372.81 18372.92 —0.11 
7 12 1 18310 .53 18309 .57 +0.96 
3 9 1 1824982 18248 .90 +0.92 
8 13 1 18241.82 18243.79 —1.97 
4 10 | 1 18196.20 | = 18196.68 —0.48 
5 11 1 | 18142.51 |  18143.06 —0.55 
6 12 0 18087 .04 18087 .68 —0.64 
7 13 0 18029.55 | = 18030.25 —0.70 
8 14 0 17969 .74 1797043 —0.69 
9 15 0 | 17909.48 |  17907.88 +1.60 


v = 20440.10 + 268.09(0’ + 3) — 2.341(v’ + 3)? — 0.0879(2’ + 3)8 
— [351.60(0” + 3) — 2.590(v” + 3)? — 0.0097(0” + 3)3], (2) 


was found, by least squares, which represented the higher bands adequately 
but was definitely inferior for the lower ones. Fig. 3 illustrates the situation. 
The residuals from (1) are plotted against v’ and can be compared with the 
curve which represents (2) —(1). The value of Do’, the energy of dissociation 
deduced from (1) is 3903 cm~'=0.48 volts. That deduced from (2) 3738 
cm~!=0.46 volts. The latter should be distinctly better and may be accepted 
as having a probable error" of not over 0.03 volts. Hence 


Do" = v(0, 0) + Do’ — vy = 20398 + 3738 — 14904 
= 9232 cm = 1.14 + 0.03 volts,' (3) 


v, being the frequency of the resonance lines of the lithium atom. The value of 
D,"’ calculated from direct extrapolation of the lower levels is 1.20 volt, which 
agrees fairly well with (3) but is much less accurate, as the extrapolation is 
longer. 

It will be noted that this new and accurate value of the heat of dissociation 
of the normal lithium molecule agrees surprisingly well with Bartlett and 
Furry’s> quantum mechanical calculation, Do’? =1.12 volts, but differs con- 


" That is, we believe the true value is at least as likely to be within the range 1.11—1.17 
volts, as outside it. 

The corresponding value of the energy of dissociation reckoned from the bottom of the 
potential energy curve, D,."’, is 1.16 volts. 
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siderably, both from \Wurm’s* experimental value, 1.69 volts and from Del- 


briick’s' calculated 1.4 volts. 
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Fig. 3. Residuals of observed frequencies from Eq. (1). The curve represents Eq. (2). 
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AV 
Fig. 4. v’ vs. Av plotted for upper level of green system to allow extrapolation according to 
Birge and Sponer. The curve follows Eq. (2). 
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Figs. 4 and 5 show, in two ways, how little extrapolation for D’ is neces- 
sary, and give some idea of the accuracy of the result. In Fig. 4, following 
Birge and Sponer" v’ is plotted against Av, or as they call it, w, the energy 


13 Birge and Sponer, Phys. Rev. 28, 259 (1926). 
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difference between successive vibrational levels, and D’ is the area under the 
curve. In Fig. 5 Av is plotted against 7” and the intercept on the 7” axis is 
vo + D’. For convenience, a scale of the values of Do’’ which would correspond 
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Fig. 5. Av vs. T’ plotted and extrapolated to dissociation following Eq. (2). Upper scale 
of abscissae represents values of D,’’ which would be deduced from corresponding 7” intercepts 
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Fig. 6. Potential energy curves for the three accurately known levels of Lis. 
to various intercepts of the curve is inserted above the axis of 7”. It is appar- 


ent that convergence has already been followed to within 0.1 volt of dissocia- 
tion and that the value 1.14 volts can hardly be in error by more than about 
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0.03 volt. The curves shown in Figs. + and 5 are calculated on the basis of Eq. 
(2). The difference between Eqs. (1) and (2) would not show on the scale of 
these figures in the region where (1) is superior. 

The potential energy curves in Fig. 6 were calculated, by the usual meth- 
ods, on the basis of the data in Table II, which are the best now available for 
the constants of the lithium molecule. 
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Fig. 7. Improved Franck-Condon diagram for the red and green systems. Circles repre- 
sent observed bands; in the green system magnetic rotation, in the red system absorption bands. 
Lines of constant frequency are straight lines sloping at 45°. 
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| | = | 
state T. | We =| WeXe | WeVe | Bo r.- 108 | Do(cm=) |Do(volts) 
ground ' 0 | 351.60 | 2 .590 | 0.0097 | 0.669148 | 2.678 9232 1.14 
upper 'Z 140707 253.27 | 1.5? — 0.4957 3.127 10114 1.25 
WT 20439 .40 | 269.69 | 2.744 | 0.0637 | 0.553218 | 2.938 3738 0.46 





All observed bands, and the calculated locus of maximum intensities are 
shown in Fig. 7 which is an improved form of Franck-Condon diagram. The 
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improvement consists in plotting 7’ and T’’, the upper and lower energy 
terms, instead of v’ and v’’, the quantum numbers, as coordinates. There are 
several advantages to this method of plotting. In the first place, the fre- 
quency, y= 7’—7”’, of any band can be found by projecting the point rep- 
resenting it at 45° onto the 7” axis. It also allows the representation of 
continua and of the atomic lines into which the systems converge and any 
number of systems can be plotted on one diagram. Moreover, the construc- 
tion of the calculated locus of maximum intensities is much simpler as it in- 
volves merely plotting from two potential energy curves the heights of pairs 
of points with the same abcissae, and does not necessitate any calculation 
with vibrational quanta. 

The bands of the red system as observed by Wurm’ in absorption are also 
shown on Fig. 7, as is the calculated locus of maximum intensities for this 
system. The contrast between the richness of the magnetic rotation spectrum 
measurements and the meagreness of the absorption ones is very striking. 

It will be noted that there must be an infrared edge to the absorption 
spectrum of Lis like that observed by Loomis and Nile“ in Nag. It should 
come at about 11000 cm-!=9000A. We looked for it there but failed to find 
it, almost certainly because we were not able to get sufficient density of vapor. 

The agreement between the calculated locus and the observed bands, 
especially in the right arm of the green system, is unusually good. We are in- 
clined to attribute it to our having been able to follow the levels so close to 
convergence, so that the extreme right hand portions of the potential energy 
curves are better than was the case of sodium, for instance. 


4 Loomis and Nile, Phys. Rev. 32, 873 (1928). . 
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THE SHOT EFFECT IN PHOTOELECTRIC CURRENTS 
By B. A. KINGSBURY 
BELL TELEPHONE LABORATORIES 


(Received September 3, 1931) 


ABSTRACT 


The shot effect, as it occurs in a photoelectric current, has been used to secure 
an evaluation of the electron charge. A new and original method of amplifier calibra- 
tion, which involved the use of a modulated light beam, simplified the measurements 
and the computation of the result. In the absence of space charge, the experimental 
value of the electron charge was 1.61 X10~'® coulombs for a thermionic current, and 
about 25 percent greater for a photoelectric current. It was found that the shot effect 
is enormously increased in photoelectric currents which are amplified by collision 
ionization. Statistical variations which might be expected to occur in a beam of ra- 
diant energy could not be detected, since, within the limits of experimental accuracy, 
the shot effect in photoelectric currents was found to be independent of the frequency 
of the light producing electron emission. 


INTRODUCTION 


HE escape of electrons from the illuminated cathode of a photoelectric 

cell is an irregular process which may be assumed to obey certain statis- 
tical laws. If the assumption is valid that the emergence or non-emergence 
of an electron has no effect on the probability of emergence of another elec- 
tron, the number of electrons emitted in small equal time intervals follows 
a Poisson distribution. Variations in the light density are, for the time being, 
considered of second order, and the ratio of the number of electrons emitted 
to the number present is taken as very small. W. Schottky! has applied the 
above hypothesis to a thermionic current and accounted for the fluctuating 
voltage produced across the circuit through which the current flows. It is, 
of course, true that experiment has confirmed his supposition only for tem- 
perature-limited currents which flow through damped resonant circuits of 
high natural frequency.” For circuits of low natural frequency the observed 
result in general exceeds that expected from the theory. Johnson? attributes 
this to secular changes in the emissivity of the cathode, and Schottky? has 
worked out a mathematical expression for the effect. The shot effect, called 
by Schottky the “Schroteffekt,” perhaps more properly translated the small 


IW. Schottky, Uber spontane Stromschwankungen in verschiedenen Elektrizititsleitern, 
Ann. d. Physik. 57, 541-567 (1918); W. Schottky, Zur Berechnung und Beurteilung des Schrot- 
effektes, Ann. d. Physik 68, 157-176 (1922). 

2A. W. Hull and N. H. Williams, Determination of Elementary Charge from Measure- 
ments of Shot-effect, Phys. Rev. 25, 147-173 (1925); N. H. Williams and H. B. Vincent, De- 
termination of Electronic Charge from Measurements of Shot-effect in Aperiodic Circuits, 
Phys. Rev. 28, 1250-1264 (1926). 

8 J. B. Johnson, Schottky Effect in Low Frequency Circuits, Phys. Rev. 26, 71-85 (1925). 

'W. Schottky, Small-Shot Effect and Flicker Effect, Phys. Rev. 28, 75-103 (1926). 
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shot effect, has generally been found less in space charge controlled currents 
than the above assumption warrants. 

At the present time there exists then a mathematical expression, de- 
veloped in its most complete form by Fry* for the shot-voltage generated across 
the terminals of a circuit through which a temperature-limited current flows, 
in terms of the electron charge, e, the constants of the circuit, and the average 
space current. 

It is to be expected that the shot effect in a photoelectric cell where no ion- 
ization occurs exactly parallels the effect for a temperature-limited current in 
a two electrode thermionic tube. The problem has thus far not been thoroughly 
investigated. Steinke® develops some data which he secured by measuring the 
time required for an electrometer to accumulate a definite charge, when the 
cathode of the photoelectric cell to which it was connected experienced con- 
stant illumination. His data include measurements on but one photoelectric 
cell, and the lack of sensitivity in the apparatus made measurements without 
ionization impossible. 

The use of the photoelectric cell in measurements of the shot effect in- 
volves several advantages. The illumination of the cathode can be made to 
cover a considerable area, and so reduce secular changes in emission. The 
control of the cell current by modulation of the light reaching the cathode 
offers a simple means of securing the response curve of the amplifier and 
evaluating the result. Shot-voltages produced by ionization may be equally 
well studied in either device, but since, in practice, the photoelectric cell is 
usually adjusted so that collision ionization occasions considerable increase in 
cell current, measurements with it offer a more practical application. In this 
paper although shot-voltage measurements were made with ionization cur- 
rents as well as pure electron currents no attempt has been made to treat the 
positive ion separately. 

In addition to a somewhat approximate evaluation of the electronic 
charge, this article presents a comparison of the shot effect in thermionic and 
photoelectric currents where no ionization occurs, measurements of the effect 
in photoelectric cells where the cathodes are of different materials, and some 
data on shot-voltages in ionization-amplified currents. Finally, a comparison 
of shot-voltages is made when different sorts of radiation fall on the cathode 
of the photoelectric cell. 


EXPERIMENTAL ARRANGEMENT 


Fig. 1 shows the arrangement used to measure the shot effect in the photo- 
electric currents. The cell current was passed through a resistance and the 
voltage drop across this resistance was amplified by means of a specially de- 
signed high gain amplifier. The entirely resistance coupled amplifier employed 
nine three-electrode tubes. Coupling between stages due to feed-back through 
battery connections was avoided by inserting inductances in each plate lead 


*> T. C. Fry, The Theory of the Schroteffekt, J. Franklin Inst. 199, 203-220 (1925). 
*E. Steinke, Natiirliche Schwankung Schwichster Photostréme, Zeits. f. Physik 38, 
378-403 (1926). 
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and connecting a condenser from the high side of each inductance to ground. 
The total voltage amplification was adjustable in known steps up to about 
3X10 times, which was high enough to make the noise level of the amplifier 
itself easily measurable. This was done by means of interstage voltage di- 
viders, which reduced the voltage applied to the grid of the tube to which 
they were connected. Two of these were provided. They operated without 
affecting the frequency characteristic. Care was taken to see that the ampli- 
fier did not overload, that is, the overload point of the amplifier was deter- 
mined by calibration and all measurements made with less than 3} of this 
output. The frequency response of the amplifier will be considered later. 

To prevent interference from mechanical, acoustical, and electrical dis- 
turbances, special precautions were necessary. The photoelectric cell to be 
tested as well as the first four tubes of the amplifier were placed in a heavy 
copper box with a small glass window through which light was admitted to 
the cell. This box was supported on a spring suspension, and about the copper 
box with its spring suspension a heavy wooden box lined with hair felt was 
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Fig. 1. Measuring apparatus. 


During the summer months (1928) when these measurements were made, 
the high humidity which generally prevailed made the behavior of the ampli- 
fier somewhat erratic until a drying agent was introduced into the copper 
box which was tightly sealed, thus effectively reducing surface leakages in 
the photoelectric cell circuit and the first four tubes of the amplifier. The 10 
megohm resistance, R; (Fig. 1) was a xylene resistance of liberal physical 
dimensions. Other types of grid leak resistances were tried but none was found 
which did not produce a pronounced disturbance at the output of the ampli- 
fier when carrying even the small current taken by the photoelectric cell. With 
this arrangement when the photoelectric cell was replaced by a xylene resist- 
ance of equal magnitude, that is the same d.c. resistance, the “noise voltage” 
generated by the amplifier was very steady and independent of the current 
flowing through R. These facts were taken as an indication that this residual 
“noise” was practically only that resulting from thermal electronic agitation’ 
in the amplifier resistances. 

The light source, a ribbon filament projection lamp, was operated from a 
large storage battery to insure constancy in its light output. The lamp used 
for the comparisons after a run at slightly above its rated current was em- 


7 J. B. Johnson, Thermal Agitation of Electricity in Conductors, Phys. Rev. 32, 97-109 
(1928). 
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ployed at a current 20 percent less than standard. Measurements made on 
successive days with the same cell checked very well and justified the belief 
that the light output was constant. The light source apparently has little 
effect on the shot effect if it remains constant during a series of measurements. 
In some of the earlier work several elaborate electrical filters were tried in 
the lamp circuit without in the least affecting the shot-voltage measured at 
the output of the amplifier. 

The data which give the direct current flowing from the anode to the 
cathode of the photoelectric cell were obtained in two ways. The first method 
Was to insert a galvanometer in the polarizing lead to the cell, directly before 
or after a shot-voltage measurement. In the second, the light valve indicated 
in Fig. 1 was employed. The light valve which is used extensively in the West- 
ern Electric system of recording sound on film is a loop of flat wire in an 
electromagnetic field so arranged that two opposite sides of the loop move 
toward one another when a current flows in one direction, and apart when 
the current reverses. The lightness of the moving parts makes possible tuning 
to frequencies above 10,000 p.p.s. The device is essentially a variable slit 
which can be used to control a light beam. A sinusoidal current of 1000 p.p.s. 
was passed through the valve so that the light reaching the cell changed 
from 0.5 normal to 1.5 times normal and back to 0.5 normal 1000 times per 
second. This can be spoken of as 50 percent modulation of the light reach- 
ing the cell at 1000 p.p.s. The calibration of the valve was made micro- 
scopically. The measurement of the voltage generated at the output of the 
amplifier was taken as proportional to the direct current flowing through the 
cell with the valve in normal position. One measurement with the galvanom- 
eter made possible the determination of all the other current values. This 
was done partly because of the greater rapidity with which the data could be 
taken, and partly because of the fact that by the second method disturbance 
of the set-up was avoided. 

The output of the amplifier was measured by means of a d.c. meter in the 
plate circuit of a vacuum tube rectifier. Its response was uniform with fre- 
quency over the range involved in the measurements. 


EXPERIMENTAL PROCEDURE AND RESULTS 


Figure 2 presents a static characteristic curve of the vacuum cell used in 
these tests. The direct current flowing through the cell is plotted as a function 
of the polarizing voltage. Care was taken to keep the illumination of the cell 
constant. The cell shows excellent saturation and a good vacuum appears 
probable. 

After preliminary tests of various methods for securing a quantitative 
check on the magnitude of the shot effect in the photoelectric cell, a com- 
parison with the effect in a thermionic tube with the grid and plate strapped 
together for anode, and the current entirely temperature-limited was adopted 
since Johnson* states that small thermionic currents controlled in this way 
yield values for the shot-voltage which the simple theory predicts. 

A No. 239-A Western Electric Vacuum Tube was chosen which seemed to 
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be typical of several that were tested. The filament of this tube is oxide 
coated. The vacuum tube (the connections are indicated by the dotted lines 
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of Fig. 1) and the photoelectric cell connected in parallel were placed in the 
copper box and the box carefully sealed. The procedure was as follows: A 
polarizing potential of 150 volts was applied to the anodes. With zero cur- 
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rent in the filament of the vacuum tube the intensity of the light falling on 
the photoelectric cell was set at a certain value, and the space current meas- 
ured with a galvanometer, the amplifier output was then noted. With the 
cell dark a voltage of measurable value at 1000 p.p.s. was impressed on the 
amplifier until the meter at the output of the amplifier gave the previous 
reading. This value of impressed voltage was taken as a measure of the shot- 
voltage at the input of the amplifier. A similar measurement was then made 
with the photoelectric cell dark and a current flowing through the filament 
of the vacuum tube, which produced approximately the same anode current. 

The data are presented in Fig. 3. The maximum space current secured was 
about 2 microamperes. The logarithm of the space current 79 is plotted as 
abscissa and the logarithm of the voltage 7, substituted at the input of the 
amplifier as ordinate. This method of plotting is used because the square of 
the shot-voltage 7; generated at the input of the amplifier is known to be pro- 
portional to the space current,” hence: 


B,? = kia. (1) 


Now, the voltage @, substituted at the input of the amplifier is considered 
proportional to 7; and the following relation may be assumed, 


= kit * (2) 


where 2; is a new constant. Or 


tom 


log ip +c (3) 


Fond 


log fr, = 


where ¢= log ky. Log #, and log 7) are the quantities plotted in Fig. 3. It will 
he seen that lines with the slope of 5 fit the data very well, although the shot- 
voltages produced by the photoelectric current are about 12 percent larger 
than the corresponding shot-voltage in the thermionic current. The cause 
for this is not clear. It may be due to some sort of sputter action, or to residual 
ionization in the cell. The nature of the discrepancy tends to make the elec- 
tron charge as calculated greater in the photoelectric than in the thermionic 
current. It should be mentioned, however, that the reading of the meter at 
the output of the amplifier was not quite as regular with the photoelectric 
cell as with the vacuum tube. The light does not seem to be the cause of this, 
since the heating current from the large storage battery was very steady and 
several types of lamps both vacuum and nitrogen-filled did not alter the effect. 
The lowest reading of the meter was always taken since extraneous distur- 
bances would tend to increase the reading. 

In ordinary use it is usually expedient to employ a photoelectric cell which 
contains a small quantity of gas, since ionization by collision considerably in- 
creases the space current. The anode potential at which ionization occurs in 
any cell is fixed by the gas pressure, i.e. at a sufficiently low accelerating volt- 
age a gas-filled cell behaves like a vacuum cell. 

Figure + presents data secured from measurements with a lamp current of 
15 amperes on two typical photoelectric cells. Cell A is a gas-filled cell the 
cathode of which is a barium derivative. Cell B is a gas-filled cell with a 
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potassium-hydride surface and a central cathode. Twelve gas-filled cells were 
tested and these two were selected as typical of well made cells. 

The curves give the logarithm of the shot-voltage, Volts y(Vy), generated 
at the output of the amplifier as a function of the logarithm of the space cur- 
rent. The graphs really show the shot-voltages, which various polarizing po- 
tentials produce when the illumination reaching the cathode is kept constant. 
The shot-voltage at the output of the amplifier produced by a temperature 
limited thermionic current is included for the purpose of comparison. No 
ionization occurred in this current. The curves of Fig. 5 indicate the space 
current, 79, Which various polarizing potentials produce when the constant 
illumination used acted on the cell. This kind of plot is often spoken of as the 
static characteristic curve of a photoelectric cell. 
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THE CHARGE ON THE ELEMENTARY CARRIERS 


In the previous discussion the shot-voltage at the input of the amplifier 
was found to be proportional to the square root of the electron current as 
measured by a d.c. ammeter. The mean of the square of the voltage at the 
output of the amplifier, due to the shot-voltage applied at the input, was the 
quantity measured, and hence it becomes desirable to have a mathematical 
expression for it. 

Since the effect* of the mica condenser at the input of the amplifier is 
slight at most frequencies of importance, due to the magnitude of R; and R» 
(Fig. 1), the current 7 from the photoelectric cell is imagined to flow through 
an impedance made up of a capacity and resistance in parallel. If the resist- 
ance of R; and Rz in shunt is called R,7, the square of the absolute magni- 


* The impedance of this condenser is about 1/4 megohm at 100 cycles which is only 1/16 
of 4 megohms, and 1/40 of a megohm at 1000 cycles. 

t If a complex impedance is introduced in place of Rp into the computations, the same 
final conclusion (Eq. 16) is reached. The method, here used, is employed in the interest of sim- 
plicity. 
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tude of this impedance Z, is 
R,* 
|Z,|2 = (4) 
1+ R,*C*w* 
Where C refers to the total shunt capacity at the input of the amplifier, and 
w is 2x times the frequency. 
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The lack of uniformity in the frequency response of the amplifier makes 
the following definition of amplification necessary 


V.2/8;2 = Ag’f(n). (5) 


V, is the r.m.s. value of voltage measured across the resistance, R., at the 
output of the amplifier, when a sine wave voltage of frequency and r.m.s. 
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value @, is applied to the input of the amplifier. -1) represents the voltage 
amplification at the frequency #, of maximum response of the amplifier, and 
f(n) expresses the square of the voltage amplification at frequency 7 relative 
to that oceurring at wy. At frequeney ay, fU7) has the value unity. /, is the 
current flowing through R, when |, is the voltage across it. 

Equation (12) of Fry's solution? now can be applied to the conditions cf 
the problem. For the case under consideration it reduces to 


l wr £, K,* 
y+ =- el - dae (Q) 


Sis the power expended in the resistance, R., 7) the space current, and Z the 
transfer impedance to the measuring device. The other terms have the sig- 
nificance already assigned to them. Z may be detined as follows 


f/f, = 4, Ba V 


NI 


or 


Vite 0.28272 = 2 ASH. (4 


1  £t* £1 F f(a) 
i ; Z\ Ade 


-T Sie R 


However, in view of the fact that the mean of the square of the voltage 
measured at the output is equal to R.S, the working equation becomes 
Vy? = LAveio Zi 7hnydn, (9) 
The photoelectric cell and light valve provide a simple method for evatuat- 
ing the above integral. The current for a constant percentage of modulation 
of the valve can be readily determined microscopically. Suppose constant 
cell illumination and constant percentage modulation of the light reaching 
the cell is employed, then at each frequency the current flowing through Z, 
will be constant. Equation (3) allows the following relation where the primes 
are used to designate voltages produced by the action of constant light modu- 
lation 


which since 
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becomes 


or 


f(n) = [Z| PV .'2/ |Z) n2V 0". (10) 


This value of f(”) substituted in Eq. (9) gives 
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Measurements were made of |’,,”, for 50 percent modulation of the valve and 
a projection-lamp current of 15 amperes, at various frequencies and a curve 
(Fig. 6) plotted showing the value 1’,,7/ 19” as a function of frequency. Vo’, 
the maximum response occurred at 1000 p.p.s., due to the action of an induc- 
tance introduced in the battery lead to prevent disturbances there from af- 
fecting the photoelectric cell. The area under this curve is the value of the 
integral in Equation (12). It will be designated by A, and a summation of 
the area under the curve gives it the value 2.86 X 10°, 
Equation (12) will become then: 


Py? = Qe |Z  orloe. (13) 


If the light valve produces 50 percent sinusoidal modulation of the light reach- 
ing the cell at 1000 p.p.s. and 79 is the space current flowing through the cell 
with the light valve in normal position, the mean square of the voltage at the 
output of the amplifier will be 

E22 = |Z) gAgtic®/8 (14) 


where Zo 1s the input impedance of the amplifier at 1000 p.p.s. 
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If (14) is now divided by (13) 


Es* |Z | o°Ao7Zo" n e 
a st be (15) 
| y- 16 | Z ol gp? Al zoe 
and e becomes 
€ = ip)/16AR?. (16) 


The data for the No. 239-A Vacuum Tube, as shown in Figs. 3 and 4, 
yield on the basis of Equation (16), the value 1.6110-'* coulombs for e 
while the data for the vacuum photoelectric cell give a value about 25 per- 
cent greater. It will be noted that two of the points on the curve for cell A 
in Fig. 4 nearly coincide with the vacuum tube curve, as well as one point for 
vacuum cell in Fig. 3. 


IONIZATION-AMPLIFIED CURRENTS 


It is often convenient to think of each primary electron emitted from the 
cathode in an ionization amplified current as carrying a charge from cathode 
to anode, which is a constant times the magnitude of the electron charge. If 
this condition obtains, Equation (16) should give in place of e a value which 
would be increased by a factor representing the increase in cell current due 
to ionization. This is the same thing as saying that e, now called e’ should bea 
linear function of the space current for the cells A and B. Fig. 7 exhibits the 
ratio of e/e’ (e is the value secured from the vacuum tube data) as a function 
of the space current for these cells. The condition of linearity is not fulfilled 
although ionization is well under way at 40 volts polarizing potential where 
the measurements begin. The failure of e’ to increase at low ionization ampli- 
fication agrees with the data presented by Steinke,® although it apparently 
occurs here at lower ionization amplification. It should be understood that 
for all the values of e/e’ given for one cell in Fig. 7, the number of electrons 
emitted from the cell cathode is approximately constant, that is, the condition 
of constant illumination and varied polarizing potential prevails. 

The above equations were evolved on the basis of single electron emissions 
which involved the transfer independently from cathode to anode of a defi- 
nite and constant charge. The data as cited above do not bear out the hy- 
pothesis that each primary electron experiences the same amplification, but 
make it clear that, if ae is the charge transported by the 7-th electron emis- 
sion, a;,,e the charge transported by the (¢+1) electron emission will proba- 
bly be different from a,e. The static characteristic curve of a photoelectric 
cell taken with constant illumination (Fig. 5) furnishes a method of determin- 
ing the average value of a, (&), since & is merely the ratio of the ionization- 
amplified current to the current when ionization begins. Probability theory 
makes the probability that a has the value equal to:8 


Wn) = e#a/n!, (17) 


§ R. Fiirth, Schwankungerscheinungen in der Physik, pp. 17-22. 
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By the application of Stirling’s formula and differentiation the maximum 
value of IV’(m) is found to be* 


Wt) max = W(&) = caar/a! = 1/(27&)'”” (18) 
Thus as @ increases the probability of its occurrence becomes continually 


less. This can perhaps be more clearly seen from the fact that, 6%, the square 
of the average relative variation in a may be written 


= 1/a (19) 
which makes, according to Bateman,’ the square of the absolute magnitude 
of the average variation 

p> = &. (20) 
The fluctuations which produce the shot-voltage, increase therefore not only 
in magnitude, but in irregularity as & increases.** 
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* This equation becomes less accurate as @ approaches unity. The case a =0 has no physical 
significance since the average charge can not be less than e which condition makes @ never less 
than one. 

9H. Bateman, On the Probability Distribution of a Particles, Phil. Mag. 20, 704 (1910). 

** The equations (17) to (20) are rather general in form and apply with altered significance 
in the symbols to the emission of electrons from an illuminated cathode. Thus used, they are 
the basis for the derivation of equation (1). They are employed here to bring out the fact that 
ionization is a statistical process which acts on another statistical process, namely electron 
emission. The result can, of course, be thought of asa single process, but some gain in apprecia- 
tion of what occurs may be found by considering the two steps. 
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The calculation of the average charge transmitted from a measurement of 











































the shot-voltage, in this case, becomes clearly beyond the validity of Equa- 
tion (16), since I117(@) as well as & has, when no ionization occurs, the value of 
unity. The development of an adequate equation to replace Equation (16) 
would involve the summation of the contribution of an infinity of primary 
electrons, each transmitting the charge ae, to the shot-voltage generated 
at the input of the amplifier provided the amplified charge passed by each 
primary electron acts as the single electron in the absence of ionization. The 
securing of a result, which checks with experiment without several rather 
violent assumptions and special distributions, appears to be clearly beyond 
the bounds of the method. 

Empirically it was found that Equation (16) becomes valid for all cases 
if e’ is detined as 





(e)? = &e? exp 2(&@ — 1) 


(21) 


where 9 is a constant set by the cell-structure parameters and the gas con- 
tent. e is the theoretical value of the electron charge and @ is as detined above. 
That is, for a current amplified by ionization the right hand side of Equation 


(16) may be replaced by 
1) T 
= —— + (21a) 
3 16.1R° 


This is equivalent to multiplying the shot-voltage computed on the basis of 
W(a@) =1, by the factor &"°"" (exp 2(&@—1),/8). The factor reduces to unity 


when &=1 and the usual equation holds. An equation equivalent to (21) is 





8 log (e’/e) = log & + 2(& — 1) loge. (22) 


Figure 8 shows the data of Fig. 7 plotted as suggested by Equation (22). 
The abscissa is [log 2+0.87 (a—1)] and the ordinate log (e’, e). The factor 8 
has no effect on the relationship except to alter the slope and hence it is not 
used. It is a factor peculiar to each cell and the determination of its value inde- 
pendent of Equation (22) seems impossible. &@ was determined from the static 
characteristic curves as given in Fig. 5. The accuracy of the determination 
of & is not as great as might be desired because the point at which ionization 
begins does not show up sharply. However, it seems as though the curves 
should pass through the origin and they have been drawn so. All the data 
taken apparently agree with this relationship, although data on cells A and 
B only have been included here. A slight error in & would only occasion a 
change in slope. 


PRACTICAL CONSIDERATIONS 


The data secured in these measurements have a bearing on the employ- 
ment of photoelectric cells to transform a modulated light beam into a vary- 
ing electric current. If the electric current is amplified and used to operate a 
loud speaker, the shot-voltage generated by the photoelectric current at the 
input of the amplifier sets the level of the background “noise” in the system. 
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From the previous discussion and notation it will be evident that for 100 per- 
cent modulation of the light beam the ratio of signal to “noise” voltage across 
the terminals of the loud speaker will be 2R. It is desirable to have 2R as 
great as possible but fidelity of reproduction requires that an ample fre- 
quency range be provided. The characteristics of the frequency response of 
the amplifier determines the term A in our equations. 
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A combination of Equations (16) and (21) gives 2R the value 


1/2 
2R = ( ——— ) (23) 
“\Aca!8 exp [2(a — 1)/8] 


where the terms have the same significance as above. When &@ equals unity, 
that is, in the absence of ionization the volume range increases as the square 
root of 79, since A is constant. A small amount of ionization may produce a 
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slight increase in volume range although ionization which affects all electrons 
emitted alike might be expected to leave the volume range constant. Ulti- 
mately, and it usually occurs before the ionization is very great, the noise 
voltage as measured at the output of the amplifier increases more rapidly 
than the signal voltage, when the polarizing potential is made greater. Thus 
while the signal increases at the same rate as the average space current in 
the cell, the noise voltage has a larger rate. 

Equation (23) can be transformed in the case where the number of elec- 
trons emitted per second is constant and equal to NV, into a simpler equation 


Vae ars 
ea! exp [2(a — 1)/8] 


= (3-1) /23 
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exp l@ = t/a] 


or 


tw 
> 
| 


(24) 


where K is a constant. If the points as plotted for cell A in Fig. 4 are con- 
sidered, the volume range that is the ratio of signal voltage to “noise” volt- 
age is only about 2/5 as great at the last point as at the first. For this cell, 
with the illumination at which the measurements were made the polarizing 
voltage which yields the greatest volume range is about 90 volts, while for 
cell B it is about 45 volts. The equations as they are developed as well as the 
measurements themselves show that it is the best practice to use only slight 
ionization or no ionization in the cell and as intense a light source as possible. 
The required condition for an increase in volume range appears to be greater 
electron emission from the cathode. In this brief analysis the contribution of 
other effects to the “noise” voltage has been neglected. It is usually impossible 
to go to 100 percent modulation of the photoelectric cell current because of 
the curvature of the static characteristic curve, and the results given above 
therefore, represent the maximum which can be achieved under the most 
favorable circuit conditions. 


THE ACTION OF THE EXCITING RADIATION ON THE SHOT EFFECT 


Thus far the shot effect in photoelectric currents has been shown to arise 
only from the statistical variations in the rate of electron emission and the 
finite size of the elementary carriers, and to coincide approximately with the 
effect in the thermionic vacuum tube. The increased fluctuations introduced 
by ionization amplification have been analyzed in some detail. The agreement 
of the results secured in cells with potassium-hydride and barium cathodes 
makes the effect independent of the cathode material. It now remains to in- 
vestigate the effect of the exciting radiation on the shot-voltages generated. 

It is well known!® that no matter how constant a light source, the instan- 
taneous density of the light from it which reaches a small area undergoes 
certain density fluctuations. This should react on the shot-voltages. Two 
attempts were made to get at the effect of these variations on the shot- 


10 N. Campbell, Pro. Cambr. Phil. Soc. 15, 310 and 513 (1910). 
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voltages generated by the photoelectric current. The first, which was rather 
qualitative, rested on the fact that the radiation from the ribbon filament 
lamp would change both in quality and quantity as the lamp current was 
altered. The data are plotted in Fig. 9 which is similar to Fig. 4, except an- 
other potassium-hydridge cell (cell C) was employed and each of the three 
curves apply to the same cell. Each curve was taken with a constant lamp 
current, and, hence, constant illumination. The polarizing potential was va- 
ried in steps of 5 volts from 40 to 90 volts. Because of the different sensitivity 
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of the photoelectric cathode to various kinds of radiation, the relation be- 
tween the number of electrons emitted and the number of incident light 
quanta should be different for each of the three curves. The variations in 
light density are roughly inversely proportional to the intensity of the light. 
Thus variations in light density might be expected to change the type of 
curve. This does not occur, the three curves within the limits of experimental 
accuracy are parallel. In other words, the change in curve is no more than 
occurs when cathodes of different sensitivity are employed. 

The second test was of a more quantitative nature. In Fig. 10 is shown 
the relative transmission of two light filters as a function of the wave-length 
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of the light. The third curve presents the response of a potassium-hydride 
surface" to equal amounts of radiant energy of different wave-lengths. It will 
be seen that the filter No. 47 transmits in the region where the potassium- 
hydride surface is most sensitive, while with filter No. 62 the transmitted 
light causes a relatively slight photoelectric action. The total transmission 
of filter No. 47 was 2.9 percent and that of filter No. 62, + percent. 

The procedure in the measurements was first to interpose the filter No. 62 
in the path of the light reaching a potassium-hydride photoelectric cell con- 
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nected to the input of the amplifier. A measureable direct current was secured, 
and the shot-voltage generated measured by substituting a known small volt- 
age at a 1000 p.p.s. on the input of the amplifier until the deflection of the 
meter at the output was the same as for the shot-voltage. This is the same 
procedure as employed in securing the data of Fig. 3. Then by adjusting the 
lamp current the same space current was secured with the other filter in the 
light beam and a shot-voltage measurement again made by substitution. The 
data secured from a series of measurements are shown in Table J. The ac- 


11 R, Pohl and P. Pringsheim, Die Lichtelektrischen Erscheinungen, p. 25. 
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TABLE I, 


Shot-Voltage Measured (Relative Units) 
Green Blue ty amperes X 107° 
Filter No. 62 Filter No. 47 


.50 1.00 


1.50 1 

1.69 1.69 1.26 
1.90 1.69 1.58 
2.35 2.13 2.00 
2.39 2.68 2.51 
2.08 2.68 3.16 


curacy here is not as good as in the previous measurements because only a 
small range of space currents could be secured and the ratio between succes- 
sive voltage steps applied at the input of the amplifier was 1.12/1. However, 
even under these conditions, the shot-voltage at the same polarizing potential 
and cell current seems independent of the sort of illumination which produces 
the photoelectric action. The explanation of this phenomenon seems to come 
from the low efficiency of the photoelectric process. For instance, if the case- 
is considered when the relative voltage input equals 2.13, the light emitted 
from the lamp, between the two conditions, as measured by the photoelectric 
cell increased 29 times. The cell sensitivity in the regions transmitted by the 
two filters differs by a ratio of about 15 to 1, which for the same current, 
signifies a ratio of almost 15 to 1 in the number of incident light quanta 
present. 

This result confirms the work of Marx and Lichtenecker” who compared 
the output of two photoelectric cells when one experienced constant and the 
other intermittent illumination, applied in such a manner that over a certain 
time the amount of energy reaching each photoelectric cathode was the same. 
The filter method is much simpler and it would be very desirable if it could be 
carried out in such a way that the number of incident light quanta changed 
by a larger factor. 

This problem of variations in the intensity of a beam of radiant energy is 
quite similar to the shot effect so far as the mathematical concepts are con- 
cerned. The light quanta play a role similar to that of the electrons which 
flow from the cathode to anode. This difference exists, however, every elec- 
tron reaching the anode contributes to the shot-voltage, but every light quan- 
tum does not free an electron. A photoelectric cell of 100 percent efficiency 
would make the variations in the light measurable. 


DISCUSSION 


The work here presented tends to show that the evaluation of the electron 
charge by measurement of the shot effect in photoelectric currents in spite 
of serious difficulties when values of the charge which compare with those of 
other methods are required, is nevertheless capable of considerable accuracy 

2 E. Marx and K. Lichtenecker, Experimentelle Untersuchung des Einflusses der Unter- 


teilung der Belichtungszeit auf die Electronenabgabe in Elster und Geitelschen Kaliumhy- 
drurzellen bei sehr schwiicher Lichtenergie, Ann. d. Physik 41, 124-100 (1913), 
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and a large measure of simplicity. The chief difficulties, other than those of 
theory, arise from the large amount of amplification necessary and the ex- 
tremely small space currents. However, the essentials of the theory are sub- 
stantiated, although the case of ionization amplified currents is still some- 
what of an enigma. 

Measurements in this field, should be fruitful because ionization ampli- 
fication merits a fuller understanding than is now available, while variations 
in light density as energy flows from a steady source require an experimental 
technique to confirm our present theories. This paper in itself can claim only 
to be a preliminary survey of a subject which merits fuller investigation. 

The value for the electron charge secured here is in the neighborhood of 
the correct value. The identity of the shot effect in thermionic and photo- 
electric currents makes the cathode surface and the exciting radiation factors 
of second order in the phenomena. 
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ABSTRACT 


The thin films of alkali metals which spontaneously deposit in vacuo on other 
metals have long been known to exhibit photoelectric effects which vary in amount 
and character, depending on the underlying material, but the exact nature of this de- 
pendence has been obscure. Silver, because of its region of exceedingly low reflecting 
power in the ultraviolet and the accompanying variation of optical constants, is excep- 
tionally well suited for studying the influence of the underlying metal. It is found that 
the region of low reflecting power profoundly affects the photoemission, but in a man- 
ner not to be explained simply by reduction of light reflected back through the alkali 
metal film or by the absorption of light by the silver. The results obtained are very 
satisfactorily explained upon computing, from the optical constants, the intensity at 
the surface, of the interference pattern formed by reflection just above the silver sur- 
face. The positions of the maxima and minima of photoemission, and their variations 
with angle of illumination and plane of polarization are accurately indicated. 


ILVER, in the wave-length region 3200—3500A, exhibits a narrow band of 

low reflecting and high transmitting power. Measurements of reflecting 
power for light at normal incidence by Hagan and Rubens,! reproduced in 
Fig. 1, show a value at wave-length 3160A as low as that of glass, and the 
transmission is sufficiently high so that thin films of silver have been used as 
filters to transmit a narrow band of ultraviolet energy. 

Thin films of alkali metals, spontaneously deposited in vacuo on specular 
surfaces of metals such as platinum, nickel or silver, give strong photoelectric 
currents, varying from metal to metal in a manner not heretofore under- 
stood.” The vectorial effect is pronounced, that is, the currents for light polar- 
ized with the electric vector parallel to the plane of incidence (symbolized 
by |!) are much greater than for light polarized with the electric vector at 
right angles to the plane of incidence (symbolized by L). The ratio of the | 
to the L currents from a film of a given alkali metal differs with the under- 
lying metal. It has been a fair presumption that these characterisics of the 
vectorial effect depend upon the optical properties of the metal beneath; but 
the nature of the dependence has been obscure. 

The peculiar optical properties of silver have appeared to be admirably 
suited for throwing light on the influence of the underlying material on the 
photoelectric effect from thin films, for the optical properties of silver vary 
all the way from a typically metallic character in the visible region, through 
a region where the properties are similar to those of glass, to another region 


1 Hagen and Rubens, Ann. d. Physik 8, 1, (1902). 
2 Ives, Astrophys. J. Nov., 1928, p. 60. 
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in the far ultraviolet where the metallic properties are quite as different as 
though another metal had been substituted. 

The experimental work described below was initiated without any de- 
tailed theoretical picture of the results to be expected. One tentative picture 
would ascribe the photoemission to the silver as well as the alkali metal upon 
it: on this assumption the photoelectric effect might be expected to follow 
closely the absorbing power of the silver. Another picture would consider the 
thin layer of photosensitive alkali metal as lving sufficiently far above the 
silver reflecting surface so that light would pass through it twice and the 
photoeflect would be that due to an average of the incident and reflected 
energy from the silver; the region of low reflecting power of the silver would 
then again show as a region of reduced photoelectric emission, but the emis- 
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Fig. 1. Reflecting power of silver for perpendicularly incident light, 
as measured by Hagen and Rubens. 


sion would not vary with wave-length in the same manner as on the first as- 
sumption. Acutally the experiments have shown that neither of these crude 
pictures is adequate and we have been led to an interpretation which depends 
upon a detailed analysis of the optical conditions at the silver surface. This 
interpolation has given a valuable clew to the nature of the vectorial effect 
itself, which has been discussed in a previous paper;’ the present paper deals 
chiefly with the variation of photoelectric effect with wave-length, as deter- 
mined by the optical properties of the silver base. 
APPARATUS AND EXPERIMENTAL PROCEDURE 

The measuring apparatus used in this study consisted of a quartz-ultra- 
violet spectrometer, used either with a quartz mercury are or with a quartz 
windowed tungsten ribbon lamp, to provide monochromatic light. A quartz 


Rochon prism in the path of the light energy from the spectrometer provided 
two beams, polarized at right angles to each other. Fused quartz wedges and 


* Ives, “The Vectorial Photoelectric Effect,” Phys. Rev. Sept. 15, 1931. 
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prisms were also introduced so that a quick shift could be made from one plane 
of polarization to the other without shifting the spot of light. The photoelec- 
tric currents were measured with a Compton electrometer by the steady de- 
flection method, while the energy values of the radiation were recorded by a 
thermopile in conjunction with a high sensitivity moving coil galvanometer. 
With this apparatus it was possible to make reliable simultaneous measure- 
ments of photoelectric current and radiant intensity with the mercury arc 
lines. The tungsten lamp radiation, while sufficient for photoelectric excita- 
tion Was too smail to be satisfactorily measured by the thermopile in the ultra- 
violet region here in question. Comparison of photocurrents between several 
cells could, however, be readily made and this possibility was taken advan- 
tage of to secure important information. 
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Fig. 2. (a) Quartz windowed cell for observation at 60° incidence. C, polished silver plate 


(cathode) on which thin film of alkali metal is spontaneously deposited. A, enclosing anode 
of nickel, with vanes to prevent scattered light from striking back of cathode. IV, fused 
quartz window, attached to Pyrex tube by stepped glass seal. F, leads to tungsten filament 
used for degassing cathode by electronic bombardment. 17, bulb into which alkali metal is 
introduced after multiple distillation. 1, charcoal tube. T, reentrant tubulation to reduce 
leakage caused by formation of alkali metal films on glass parts. 
(b) Quartz windowed cell for observation at perpendicular incidence. Parts lettered as in 2a, 
(c) Pyrex glass cell for observations at a series of angles. Parts lettered as in 2a, 
Several varieties of photoelectric cells were used, which may be listed and 
illustrated here: 
I. Quartz windowed cells for observations at 60° incidence. Fig. 2a. 
Il. Quartz windowed cells for observations at perpendicular incidence. 
Fig. 2b. 
III. Pyrex glass cells for observations at a series of angles, for the deter- 
mination of “angle curves.” Fig. 2c. 
The structural details are sufficiently explained by the legends accompany- 
ing the figures. 
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All these types of cells provided together only what a single cell of type III 
made entirely of quartz would have given, but the technical difficulty of ob- 
taining clear walled quartz cells forced the resort to several types of cells. 
These cells were all made up with tungsten filaments behind the plates to per- 
mit degassing by electronic bombardment. The alkali metals were introduced 
after multiple distillation, and were present in large quantities so that suff- 
cient vapor pressure existed to cause photosensitive films to build up spon- 
taneously in very brief periods. 

The metal plates were in all cases given as high a polish as could be ob- 
tained. This was much higher in the case of the platinum plates used for 
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Fig. 3. Photoelectric currents per unit energy incident at 60°, plotted against wave-length, thin 
film of sodium or silver. Circles, electric vector perpendicular to plane of incidence; dots, 
electric vector parallel to plane of incidence. 


reference purposes than in the case of the silver plates. Moreover the latter 
could not be raised to nearly as high a temperature for degassing, as could 
the platinum, without the surface disintegrating and becoming rough. For 
these reasons the results obtained with the silver plates are probably some- 
what less clear-cut than would be desirable for exact quantitative check with 
any theory correlating photoeffect with optical properties. 


PRELIMINARY EXPERIMENTAL RESULTS 


In Fig. 3 are shown photoemission curves for sodium on silver, for light 
incident at 60°, for the || and L cases; in Fig. 4 similar curves for potassium on 
silver, and in Fig. 5 for caesium on silver. In Fig. 4 is shown, in the dashed 


curve, the || emission from a thin film of potassium on platinum. It will be 
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seen at once that the films on silver exhibit a pronounced influence of the 
silver plate beneath. There is a deep cleft in the |! curves for all cases shown. 
200. 





180 - 


140 


PHOTO CURRENT 


WAVE -LENGTH 
Fig. 4. Photoelectric currents per unit energy incident at 60° plotted against wave-length. Full 
lines, thin film of potassium on silver. Circles; electric vector perpendicular to plane of in- 
cidence; dots, electric vector parallel to plane of incidence. Dashed line, emission from thin 
film of potassium on platinum, electric vector parallel to plane of incidence. 
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Fig. 5. Thin film of caesium on silver. Circles; electric vector perpendicular to plane of incidence 
dots, electric vector parallel to plane of incidence. 
Comparing this cleft with the minimum of reflecting power for silver shown 
in Fig. 1 several questions are at once raised. First of all, the photoemission 
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curves show their depressions at about 3260.\. while the reflection minimum 
is at 3160A. Second, the depression of photoemission appears to be absent 
for light polarized with the electric vector perpendicular to the plane of inci- 
dence. In the figures we have in fact dotted in an ducrease of emission for this 
case, the warrant for which we will give later. 

It was immediately thought that these peculiarities might be explained 
when the reflecting power curves were computed for 60° incidence. This was 
accordingly done, using Minor’s very full data? for the optical constants 1 
and k, vielding the curves shown in Fig. 6, on which the computed reflecting 
power for perpendicular incidence is also plotted, agreeing quite well with 
Hagen and Rubens direct determination. It appears from these computations 
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Fig. 6. Reflecting power of silver as computed from Minor’s determination of optical constants. 
Full line; perpendicular incidence. Dotted and dashed lines, light incident at 60°; dots, 
electric vector parallel to plane of incidence: dashes, electric vector perpendicular to plane 
of incidence. 


that at 60° the minimum of reflecting power is indeed shifted along the spec- 
trum, but not nearly enough to agree in position with the photoemission 
minimum, Also it appears that the minimum is less for L light than for ,, 
but again the difference is not enough to account for the apparent absence 
of the L minimum found experimentally. 


THEORY FOR TRIAL 


In order to explain our experimental results we have evolved a theory 
whose essential postulates are: 
(a) That the photoelectrons come entirely from the thin film of alkali 
metal. 
(b) That the effective light intensity is that at the metal-vacuum surface. 
In order to test this theory it becomes necessary to determine the effective 
light intensity called for by (b). We are aided in this by an experimental result 


* Minor, Ann. d. Physik 10, 581 (1903). 
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previously obtained,® namely, that the presence of the thin alkali metal film 
does not appreciably affect the condition of the light as reflected by the metal plate 
beneath. In consequence of this fact, the determination of the light intensity 
at the metal-vacuum surface can be arrived at by computation, using the 
refractive index and extinction coefficient of the metal underlying the photosenst- 
tive film. 

This theory has been discussed in some detail in a previous paper*® where 
it is shown that the large differences in emission from thin films on platinum 
for illumination by light polarized in the two chief planes follow directly 
from the computed light intensities just above the platinum surface. That 
paper should be consulted for details of the theory and the computations. 
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HEIGHT ABOVE SURFACE 


Fig. 7. Standing wave intensities above silver surface for light incident at 60°. Full line; the y 
component, electric vector perpendicular to plane of incidence. Dashed line, the x compon- 
ent; dot and dashed line, the s component, electric vector parallel to plane of incidence, 


For the purposes of the present discussion the essential physical phenomenon 
is the formation, above the metallic reflecting surface, of an interference pat- 
tern whose phase and amplitude are dependent on the refractive index (.V) 
and extinction coefficient (Ko) of the metal, and vary with the plane of 
polarization and angle of incidence. 

In order to make this conception concrete, we show, in Fig. 7, the standing 
wave system as present over silver, for three wave-lengths in the neighbor- 
hood of its region of low reflection, as computed from the optical constants 
determined by Minor. In this are shown the electric intensities of the x and 
zs components (dashed, dot-and-dashed lines) for light incident at 60°, polar- 
ized with the electric vector parallel to the plane of incidence () and (full 


5 Ives and Johnsrud, J. Opt. Soc. 15, 374 (1927). 
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lines) the y component (the only one in question) for light polarized with the 
electric vector perpendicular to the plane of incidence (L). 

On inspecting these plots we note that while the L standing wave system 
is very near a node at the metal surface for all three wave-lengths shown, the 
two components of the | standing wave system are well away from a node, 
except for the s component in the region of minimum reflection, which is near 
a node, but has considerable amplitude. On the scale of this plot the mona- 
tomic layer of alkali metal is too thin (cirea 10°8 em) to be indicated other 
than as a line coincident with the silver surface. For the purpose of the present 
study the intercepts of the standing wave systems, of which the three of Fig. 7 
are samples, have been computed at short wave-length intervals throughout 
the low reflection region, and from these the electric intensities just above the 
silver surface have been computed for perpendicular incidence (_L), and for 


INTENSITIY OF ELECTRIC VECTORS 





WAVE-LENGTH 


Fig. 8. Intensities of electric vectors just above silver surface, as computed from optical con- 
stants. Full line, light incident at 60°, electric vector parallel to plane of incidence. Dashed 
line, light incident at 60°, electric vector perpendicular to plane of incidence. Dotted line, 
perpendicularly incident light. 


the two planes of polarization at 60° incidence, (| and L). These computa- 
tions are potted in Fig. 8. 

If now we could assume the photoemission to be proportional directly 
to the electric intensity in the alkali metal film, Fig. 8 gives the photoemis- 
sion to be expected. We see at once that not only is the minimum of emission 
for the || case shifted by about 100 angstroms from the minimum of reflection, 
that is, from 3160A to 3260A, but for the L case there should be a maximum 
of emission: Furthermore, for perpendicular incidence, in place of a strong 
minimum, as shown by the reflecting power, there is a very pronounced maxi- 
mum. Considering further the variation of emission with angle of illumination, 
it appears that in the neighborhood of 3200A the L angle curve should rise 
higher for 60° incidence than for perpendicular incidence, unlike the angle 
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curves ordinarily obtained from metals, which exhibit a steady decline in 
value toward the higher angles of incidence. 

Before proceeding to describe the experimental tests of these findings it is 
important to recall, from the previous paper, just how far the theory, as de- 
veloped, can be verified at the present time, and what limitations are im- 
posed to its full application, principally through our ignorance of the optical 
constants of the alkali metals in the ultraviolet. It is important to note that 
the curves of Fig. 8 do not take account of the specific absorbing and emitting 
properties of the film. In other words, if the film absorbed energy equally well 
at all wave-lengths, and emitted the same photoelectric current for the same 
effective energy density at all wave-lengths, the emission by wave-length 
would be given at once by Fig. 8. Actually, however, the absorption of en- 
ergy in a film is determined by the optical constants and thickness of the 
film ;° and the photoemission per unit of absorbed energy is at present an un- 
known function of wave-length. When the optical constants of the alkali 
metals are completely known, the absorption of energy in a thin film will be 
capable of computation for all conditions of incidence and polarization of 
the light, all through the spectrum. It will then be possible to find the specific 
photoemission as a function of wave-length, and thus have all the factors 
necessary for the complete description of the thin film photoelectric phe- 
nomenon. At the present stage of the investigation, however, lacking the op- 
tical constants of the alkali metals, all the indication of the theory that we can 
expect to verify are: 

(1) The occurrence of the several maxima and minima of emission shown 
by Fig. 8, at approximately their computed places (provided the alkali metal 
has no considerable singularity itself in its optical constants through this re- 
gion). 

(2) The shape of the L angle curves for monochromatic light. 

EXPERIMENTS TO TEsT THEORY 

Inspection of the curves plotted in Fig. 8 shows that the most interesting 
and significant regions for testing the theory lie between the mercury arc lines 
which were used in the initial measurements. \What is required for an adequate 
test is a continuous light source of sufficient intensity to permit of accurate 
energy measurements at each point of interest. Such a source was not avail- 
able. Instead a procedure was worked out which consists essentially in making 
relative photoelectric measurements by comparison with a photosensitive 
surface whose wave-length emission curve could be established beyond rea- 
sonable question all through the region in question. For this purpose a so- 
dium-on-platinum cell was constructed of the type II, shown in Fig. 2b. This 
was measured with great care for light incident perpendicularly, using the 
mercury arc as a source of radiation, yielding the emission curve shown in 
Fig. 9 (circles). This curve shows a uniform slow rise in value through the 
wave-length region in which we are interested, and, since platinum has no 

6 A full treatment of the absorption of light in thin films will be given in a paper now in 
preparation by Mr. T. C. Fry. 
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singularities in its optical properties in this region, it is quite safe to inter- 
polate the smooth curve shown between the mercury are points. This curve 
constitutes our reference standard. 

A second cell of the same type was then made up with a silver plate, and 
this was likewise filled with sodium. This alkali metal was chosen in part in 
order to use the same material as the reference standard, and in part be- 
cause sodium is more suited to delicate measurements, due to the greater 
freedom of sodium cells from leakage currents. This second cell was mounted 
alongside the reference cell on a sliding carriage, so that they could be ex- 
posed alternately, in quick succession, to the light from the spectrometer, and 
the photocurrents measured. Measurements of this sort were made, using 
first the mercury are, and then the tungsten ribbon lamp with a quartz win- 
dow. In this way the whole region from 3200A to 4359A was covered at suffi- 
ciently small intervals to establish the perpendicular incidence emission 
curve with great accuracy. The curve so obtained is also shown in Fig. 9 
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source. 


where the points interpolated by the use of the tungsten lamp are shown by 
the small crosses. It will be seen that it exhibits in striking fashion the mawi- 
mum at 3350A predicted in Fig. 8. 

The next step was to build up the 60° emission curves. This was done by 
obtaining “angle curves” for monochromatic light, using a cell of type IT1 
shown in Fig. 2c, and taking off from these angle curves the relative values 
for the 60° emission as compared with the 0°. Multiplying the perpendicular 
incidence curve of Fig. 9 by these ratios gave at once the 60° emission, the 
derived points being shown by the small crosses. Due to the absorption of 
the Pyrex glass in the angle-curve cells no measurements could be made be- 
low 3100A, but this fortunately was not an obstacle to obtaining data in just 
the region desired. Examples of the angle curves used for this purpose are 
shown in Fig. 10. Attention may be called to the dashed curve shown for 
3260A, which is computed from the optical constants of silver, and agrees 
closely with the experimental finding, of curves rising with increasing angle 
of incidence. 
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The 60° emission curves for both planes of polarization are shown, to- 
gether with the perpendicular incidence curve from which they are derived, 
in Fig. 11. Inspection of this figure shows that the predictions of the theory 
are strikingly confirmed. With light polarized with the electric vector parallel 
to the plane of incidence there is a minimum of emission at 3260A, as the 
curves for potassium and caesium thin films already indicated. With light po- 
larized with the electric vector perpendicular to the plane of incidence there 
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Fig. 10. Angle curves at various wave-lengths; sodium film on silver. Circles, electric vector 
perpendicular to plane of incidence; dots, electric vector parallel to plane of incidence. 
Dashed curve of 3260A, computed from optical constants of silver. 


is a maximum of emission at the same wave-length. Around 3200A the cur- 
rents for 60° angle of incidence, with the electric vector perpendicular to the 
plane of incidence, are greater than for perpendicular incidence. 

The success of our substitution method of filling in the wave-length inter- 
val around 3200A, as just described, suggested its use with the 60° type of 
cell (Fig. 2a) as well to get a still further check on this important region. 
Accordingly a 60° cell’ was mounted alongside the perpendicular-incidence 
platinum-plate cell and alternating measurements made, with both the mer- 


? This is a different cell from that used to get the data of Fig. 3, and the actual angle was 
nearer 55° than 60°. 
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cury are and the tungsten ribbon. The data so obtained are shown in Fig. 12, 

where the | and | curves are for the silver plate 60° cell, and the | curves 

for the sodium on platinum normal incidence cell. These curves fully confirm 

the findings of Fig. 11, and agree well with the preliminary curve shown in 
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Fig. 3. The agreement between the various sets of sodium data is considered 
excellent for this kind of work, remembering that measurements on four dif- 
ferent sodium-on-silver cells are represented. 
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In the very satisfactory agreement with the essential predictions of our 
theory which is shown by the curves of Figures 11 and 12, for the case of 
light with the electric vector perpendicular to the plane of incidence, it will 
be noted that the peak of emission near 3260 is considerably smaller than 
would be expected if the values in the computed curves of Figure 8 were used 
as direct multiplying factors on an emission uniform or smoothly varying 
with wave-length. While this diminished prominence of the emission peaks 
may be real, and be explicable by further refinement of the theory, it is 
rather more likely to be due to a condition we have already pointed out, 
namely the lack of perfect polish of the silver surfaces, whereby some ad- 
mixture of light polarized with the electric vector parallel to the plane of in- 
cidence occurs. Since excitation with this light shows a marked depression 
in the emission curve at this same point, a smoothing out of the peaks as 
found is exactly what would be expected in mixed light. In addition to this, 
the peaks in question are established entirely by measurements with a con- 
tinuous spectrum source, for which the slits used in the spectrometer were of 
necessity of considerable width, which would have the effect of decreasing the 
measured magnitude of the peaks. In short, the agreement found with theory 
in the relative positions of the curves, and in the positions of their maxima 
and minima, can be interpreted, we believe, as a complete confirmation of 
the theory despite the apparent discrepancy in the magnitudes. 

DIscussION 

The most important outcome of this study of alkali metal films on silver 
is the proof which it gives that the energy that must be considered in studying 
the photoelectric effect is not the incident, nor the absorbed energy, is ordi- 
narily considered, but the energy density at the surface. While this has been 
demonstrated here only for the case of thin films, the fact that the photo- 
emission from thin films is of the same order of magnitude as that from bulk 
alkali metals, is strong reason for believing that in the latter case the photo- 
electrons escaping all come from the top layer of atoms, so that the conclusion 
just drawn will be of general applicability. Speculations based on the posi- 
tions of maxima of emission under excitation by an “equal energy” spectrum 
are, on this view, of little significance. Until the optical constants of the photo- 
active metals have been determined through the whole spectrum, and the ab- 
sorptions in their surfaces computed there-from, the intrinsic emissivities can- 
not be considered known. The important question whether there is indeed 
any real difference in the emissive properties of the alkali metals with plane 
of polarization of the light (“normal” and “selective” effects) must be con- 
sidered open until it is ascertained whether the apparent differences are not 
to be correlated with optical properties, along the lines here followed. 
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ABSTRACI 


Specimens of electrolytic iron and electrolytic nickel were outgassed by intensive 
heat treatment in high vacuum and the contact potential difference between them 
measured by the Kelvin null method. An apparatus is described by means of which 
the photoelectric long wave limits could be determined on the same specimens and 
under identical conditions as used for the contact potential measurements. The photo- 
electric long wave limits were determined in one case by using filters in the path of the 
light and in a second case by the method of plotting the photoelectric sensitivity 
curves obtained using monochromatic illumination of the metals. The results remained 
unchanged between 300 and 750 hours of heating in the first case and bet ween 400 and 
600 hours in the second. The equilibrium value of the contact potential difference was 
Fe-Ni+0.21 +0.01 volt. The photoelectric long wave limits determined by the second 
method were 2620A + 10A for the iron and 2500A + 10A for the nickel. The correspond- 
ing work functions are 4.71 + 0.02 volts for the iron and 4.93 + 0.02 volts for the nickel. 
Using the method published by Fowler the work functions were 4.77 volts for the 
iron and 5.01 volts for the nickel. The difference in these work functions by either 
method is equal to the measured contact potential difference between the metals with- 
in the limits of error of the photoelectric measurements. 


INTRODUCTION 


CONSIDERABLE amount of work has been done in the past few years 

in determining the contact potential difference existing between metals 
which have been more or less outgassed in high vacuum with greatly varving 
results. Somewhat more careful work has been done by several investigators 
on the determination of the photoelectric work functions for metals outgassed 
in the best obtainable vacua with more consistent results. On the basis of the 
results obtained for the contact potential difference and the difference in the 
photoelectric work functions for a given pair of metals the conclusion has 
been quite generally drawn that the Einstein photoelectric equation, giving 
an equality of these values, is satisfied although the agreement has never been 
very good. The lack of agreement has usually been attributed to the fact that 
conditions inthe experiments on the contact potential and those on the photo- 
electric effect have not been the same which seems reasonable in view of the 
fact that both effects are very susceptible to the experimental procedure and 
technique. It therefore appeared desirable to perform an experiment in which 
both the contact potential difference and the photoelectric work functions 
could be obtained on the same specimens under identical conditions. 
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APPARATUS AND PROCEDURE 


The apparatus used in this work was designed so that measurements of 
the contact potential difference by the Kelvin null method and measurements 
of the photoelectric long wave limits could be made on the same specimens. 
The construction was of a type whereby the long wave limit determinations 
were made on the same surfaces as were used for the contact potential meas- 
urements. The metals used were electrolytic iron and electrolytic nickel. The 
construction which seemed best was such that the contact potential differ- 
ence FKe-Ni was not directly measurable but was obtained from the differ- 
ence of the values Pt-Fe and Pt-Ni obtained by using platinum as a reference 
metal. 

The construction of the experimental tube and parts is shown in Fig, 1. 
All metal parts of the apparatus were of nickel, iron or tungsten, the nickel 
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Fig. 1. The experimental tube. 


being of German make, obtained from Baker and Co., free of magnesium. The 
electrolytic iron was obtained from Prof. O. P. Watts of the chemical engi- 
neering department of the University of Wisconsin and the electrolytic nickel 
from the International Nickel Co. Inc. through the courtesy of Dr. Paul D. 
Merica. The iron and nickel specimens were used in the form of plates (a) 
1.5 cm in diameter and 0.1 mm thick. In order to minimize warping the edge 
of each plate was spun over perpendicular to the face. Each plate was mount- 
ed in a ring of 40 mil tungsten wire in such a way as to allow for differential 
expansion, as shown in the detail drawing of Fig. 1. The supporting tungsten 
wires were insulated from the rest of the metal parts of the apparatus by 
quartz tubes in which they fitted loosely enough to allow a sliding motion 
parallel to the length of the wire thus also serving as a mechanical bearing. 
These quartz tubes were held rigidly to the rest of the apparatus by small 
clamps and shielded from metallic vapors by sleeves in order to insure main- 
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taining good insulation. The movement of either plate was accomplished by 
means of a magnet, external to the tube, acting on an iron armature (c) fas- 
tened to the end of the tungsten wire. 

All stationary parts of the apparatus were fixed rigidly to a nickel cylinder 
(d), 4 cm in diameter and 10 cm long, which served as an electrostatic shield 
during measurements. The reference plate of platinum (e) was mounted in 
this evlinder, insulated by Pyrex tubes, with its face perpendicular to the axis 
of the cylinder. This platinum plate was the movable plate necessary to the 
Kelvin null method of measuring contact potential difference, the movement 
being obtained by means of an external magnet acting on an iron armature 
(f). This piece of iron was threaded to the rod carrying the plate thus making 
the position of the plate adjustable with respect to the Fe or Ni plate for the 
contact potential measurement. 

The Fe and Ni plates were heated in positions (1) by electron bombard- 
ment from filaments (g¢) of 10 mil tungsten wire wound in a spiral, with the 
center slightly convex toward the plate to avoid any focusing action of the 
filament which would result in nonuniform heating of the plate. The tem- 
peratures of the plates were very easily adjustable by this arrangement and 
they could be heated continuously for long periods of time. With an accelera- 
ting potential of 650 volts an electron current of 20-25 milliamperes heated 
the plates to a temperature at which they vaporized rapidly and the walls of 
the tube became covered with an opaque coating of evaporated metal in a 
very short time. 

For a measurement of the contact potential difference Pt-Fe or Pt-Ni the 
Fe or Ni plate was moved through the opening (h) in the side of the nickel 
cylinder, into the position (2) directly in front of the Pt plate. The Fe and Ni 
plates were each connected to an electrometer and the Pt plate was connected 
to a potentiometer arrangement whereby its potential with respect to ground 
could be varied. The electrometer sensitivities ranged from 6000 mm/volt to 
8000 mm ‘volt. 

A photoelectric measurement was obtained by rotating the Fe or Ni plate 
through 180° in the position (2) thus having the same face as used for 
the contact potential measurement opposite a reentrant quartz window (Q) 
through which light from a quartz mercury are could be focused on the plate. 
This quartz window and the Pt plate were protected from metallic vapors 
during the heating of the Fe and Ni specimens by drawing a short cylinder 
(j) over the openings in the large nickel cylinder thereby leaving no direct 
path from the hot metals to either the window or the Pt. The photoelectric 
currents were measured with the electrometers shunted with high resistances 
which gave current sensitivities of about 8X10-" amp./mm. 

In one run of the experiment the photoelectric long wave limits were de- 
termined by placing light filters in the path of the light from the are to the 
plate. These filters were made by placing solutions of various concentrations 
in a cell 2 cm long having fluorite windows, the concentration being varied by 
small amounts until no measurable photoelectric current was obtained. Im- 
mediately after each trial on the photoelectric effect the light transmitted 
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by the filter was photographed by placing the cell between a quartz mercury 
arc and the slit of a quartz prism spectrograph. In order to check the results 
obtained by this method it was decided to use a monochromator instead of 
the filters and to plot the usual photoelectric sensitivity curves of the photo- 
electric current per unit of incident light intensity against the wave-length of 
the incident light and perform the extrapolation to zero current to determine 
the long wave limit. A second complete run of the experiment was thus made 
with a double monochromator formed by passing the light first through a 
Leiss single monochromator and then through a Hilger single monochroma- 
tor. Using 0.6 mm slits this arrangement was found to give much greater in- 
tensity and purity of the light than could be obtained with 0.2 mm slits with 
either of the single monochromators alone. The intensity of the light was 
measured with a three junction Pt-Te vacuum thermopile designed according 
to the equations given by Firestone! and Cartwright.? The thermopile was 
mounted in front of the exit slit of the Hilger monochromator so that it could 
be moved in or out of the light path. 

Before starting either run the metal parts of the apparatus were all baked 
out in an auxiliary system for several days at about 450°C before being as- 
sembled in the main experimental tube. The large nickel cylinder was put in a 
separate tube and heated by electron bombardment to 950°C for the same 
length of time. The parts were exposed to air for about a day while they were 
being put together and the main tube was being set up. The tube was con- 
nected, through two liquid-air cooled mercury vapor traps, to a mercury va- 
por pump backed by a Cenco rotary oil pump. All glass of the vacuum system 
was Pyrex so as to eliminate all necessity of wax joints, the one stopcock used 
being in the lead from the oil pump to the vapor pump. The apparatus was 
baked out at a temperature of 450°C-—500°C for some 150 hours at the start 
of each run with the Fe and Ni plates being heated to about 850°C during 
most of this time. After baking out, the pressure in the system as indicated 
by an ionization gauge was of the order of 2 10-*§ mm of mercury with the 
plates cold. The pressure increased to about 10-7 mm of mercury during the 
heating of the plates at first but with progressive heating the pressure with 
the plates hot or cold became very nearly the same and of the order of 1X 
10-$ mm of mercury. 


RESULTS 


In the first run of the experiment the results obtained after the Fe and Ni 
had been heated for 300 hours were the same as those obtained after some 
750 hours of heating. The plates were heated at an estimated temperature of 
900°C a firstand then the temperature of the Fe was raised to about 950°C 
and that of the Ni to about 1100°C. This increase in the temperature of 
heating resulted in no observable change in either the contact potential 
difference or in the photoelectric measurements for either specimen. The 
equilibrium value of the contact potential difference was Fe-Ni+0.20+0.01 


1 Firestone, Rev. Sci. Inst. 1, 630 (1930). 
2 Cartwright, Rev. Sci. Inst. 1, 592 (1930). 
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volt. The results obtained in the photoelectric measurements, using the light 
filters mentioned above, placed the long wave limit for the Fe at about 2650.4 
and that for the Ni at or very near to 2537. These wave-lengths expressed 
in equivalent volts give a work function of 4.65 volts for the Fe and 4.86 volts 
for the Ni. The difference in these work functions is 0.21 volt in the sense that 
the Fe is positive with respect to the Ni. 

The only change made in the apparatus before starting the second run 
was the replacement of the original Fe plate, which had become badly warped 
due to the heating, by a new plate cut from the same piece of metal as the 
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original. The results obtained in this run after some 400 hours of heating were 
not changed by an additional 200 hours during which the temperatures of 
the plates were increased several times. As in the first run an accurate deter- 
mination of the temperatures was not possible but some idea may be ob- 
tained by the fact that both the Fe and Ni vaporized readily enough so that 
at the end of the 600 hours of heating the walls of the tube in the vicinity of 
the plates were coated with a fairly thick metallic deposit. This deposit was 
opaque after about 200 hours of heating which was long before the highest 
temperature was reached and the last readings taken. The pressure as meas- 
ured with the ionization gauge was of the order of 11078 mm of mercury 
with the plates hot or cold after about 400 hours of heating. 

The average value of the contact potential difference obtained after 400 
hours of heating and up to 600 hours was l’e-Ni+0.21+0.01 volt, the + 0.01 
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volt being the spread of the measured values from the average. A typical 
set of the photoelectric sensitivity curves obtained for the two specimens 
is reproduced in Fig. 2, in which the curve for the Fe has been extrapolated to 
zero current at 2620A and that for the Ni to 2500A. The estimated variation 
of the position of this intercept is placed at +10A due to the fact that the 
one point on each curve comes so very close to the zero axis of photoelectric 
current. With increasing time of heating of the metals a number of such 
curves were obtained with the result that by this method the long wave limit 
for the Fe is placed at 2620A + 10A and that for the Ni at 2500A + 10A. These 
wave-lengths expressed in equivalent volts give a work function of 4.71 +0.02 
volts for the Fe and 4.93 + 0.02 volts for the Ni. The difference in these work 
functions is 0.22 + 0.04 volt in the sense that the Fe is positive with respect to 
the Ni. 

The difference in the long wave limits obtained in the two separate runs 
may be reasonably explained by a consideration of the method of using light 
filters. Solution filters do not cut off the light sharply at any given wave- 
length but rather have a gradual cut-off on the short wave-length side. It is 
quite possible, therefore, that the light which was recorded photographically 
Was accompanied by light of shorter wave-length which would be photoelec- 
trically active but not of great enough intensity to be evidenced on the photo- 
graphic plate. No significance is given to these differences as they seem well 
within the limits of error of the filter method. 

The photoelectric work function found for iron in this work is in good 
agreement with that reported by Cardwell,’ his value being 4.72 + 0.07 volts. 
The iron specimens in the two cases were taken from the same piece of elec- 
trolytic metal. Roy* and Welch® give work functions for iron of 4.2 volts and 
3.91 volts respectively but as stated by Cardwell such values are obtained in 
the early stages of a long outgassing process and can not be said to be char- 
acteristic of the well outgassed metal. Values of the work function for Ni 
given by Roy,‘ 4.12 volts, Welch,’ 4.06 volts, and by Lukirsky and Prilezaev,* 
3.67 volts, are all smaller than that obtained in this work and from a con- 
sideration of the experiments it may reasonably be said that they belong to 
the metal in the early stages of outgassing. 

Fowler’ has recently published a theoretical discussion of the manner in 
which the photoelectric sensitivity curves for a metal might be expected to 
behave with different temperatures of the specimen. According to Fowler 
the curve obtained by plotting log f(u) against w [f(u) being given by equa- 
tion (9) of his paper and w= (hv—x)/ kT, x being the work function of the 
metal at 0°K | should coincide with the experimental values of hyv/kT plotted 
to the same scale against log J/7° if the origin of the theoretical curve is 
properly displaced. The amount of this shift along the hv/kT axis gives the 


3 Cardwell, Proc. Nat. Acd. Sci. 14, 439 (1928). 

4 Roy, Proc. Roy. Soc. London, A112, 599 (1926). 

® Welch, Phy. Rev. 32, 657 (1928). 

® Lukirsky and Prilezaev, Zeits. f. Physik 49, 236 (1928). 
7 Fowler, Phy. Rev. 38, 45 (1931). 
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value for which (iv—x) k7'=0 and thus the value of hy /kT since », =x h. 
The data obtained in this experiment as given in the above photoelectric 
sensitivity curves were plotted according to this theory and a typical set of 
such points for the Fe and Ni specimens is reproduced in Fig. 3. The curve 
drawn through the points is the theoretical curve shifted by the amounts in- 
dicated at the bottom of the diagram. The values of these shifts, in units of 
hv k7, obtained from a number of such plots ranged from 188 to 189 for the 
Fe and from 198 to 199.5 for the Ni. As all of the measurements were made 
at room temperature 7’ was taken as 293° in the calculation of x. The average 
values of xy expressed in equivalent volts gave a work function of 4.77 volts 
for the Fe and 5.01 volts for the Ni. The difference in these work functions 
is 0.24 volt with the Fe positive with respect to the Ni. This difference is 
slightly greater than that obtained in the other manner and also greater than 
the measured contact potential difference but it is doubtful whether much 
significance-can be attached to this fact in as much as the variation lies 
within the limits of error of the photoelectric measurements and the theo- 
retical curve is a first approximation to the theoretical equations. 


CONCLUSION 


The contact potential difference between specimens of iron and _ nickel 
after prolonged high temperature heating in a vacuum of the order of 1X 107$ 
mm of mercury is found to be Fe-Ni+0.21+0.01 volt. The photoelectric 
work functions of the same specimens determined by the method of plotting 
the photoelectric sensitivity curves are found to be 4.71 +0.02 volts for the 
iron and 4.93 +0.02 volts for the Ni. Using the method worked out by Fow- 
ler? the work functions are 4.77 volts for the iron and 5.01 volts for the Ni. 
Within the limits of error of the photoelectric measurements the difference 
in the photoelectric work functions may be said to be equal to the measured 
contact potential difference for metals subjected to an extensive outgassing 
program in high vacuum. 

In conclusion, the author wishes to acknowledge his indebtedness to Dr. 
C. E. Mendenhall under whose direction this work was carried on and to the 
many members of the Physics department of the University of Wisconsin for 
their helpful cooperation during the progress of the work. 
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ABSTRACT 


The potential distribution due to space charge in the neighborhood of a plane 
conducting surface is derived for the case of equilibrium under zero applied field and 
under retarding fields, by use of Poisson’s equation and the Boltzmann distribution 
law, which is extended to include application to the Fermi-Dirac statistics. The elec- 
tron density is likewise evaluated as a function of the distance from the surface. In 
both cases an applied electric field has no appreciable effect within a certain critical 
distance which is dependent upon the field. Assuming degeneracy within the conductor 
the electron atmosphere is also degenerate near the surface, becoming entirely classical 
at distances greater than 2 or 3X107* cm. Its density is independent of the nature of 
the conductor and at a given distance is directly proportional to the absolute tempera- 
ture. The potential at a given distance is characteristic of the conductor and varies only 
slightly with temperature, while its magnitude is consistent with the Sommerfeld 
electron theory. The field intensity equals that computed from an image force law at 
distances in the neighborhood of 3X 10-7 cm, depending upon temperature, and is in- 
creasingly greater than the latter at greater distances. The mean electron separation 
distance in a plane parallel to the surface is comparable with the distance of this plane 
from the surface. 


N A recent paper' R. S. Bartlett and the author pointed out that the 

conception of electrons within a conductor as a degenerate gas obeying 
the Fermi-Dirac statistics reopens the matter of the effect of space charge 
upon the thermionic work function. The general consequences were men- 
tioned of an explanation of the work function based entirely upon space 
charge instead of the usual image force, and in a later paper Bartlett? has 
on this basis computed the potential distribution and the thermionic current 
density between plane parallel electrodes for the case of an applied field and 
for accelerating fields. The results show a work function of the correct order 
of magnitude and a variation of current with applied field of the correct 
general form, thus indicating that a space charge origin of the work function 
may be used to explain the Schottky effect. It is noteworthy that Bartlett 
is able from this point of view to derive a single curve for the thermionic 
current which is valid continuously from zero applied field through strong 
applied fields, and which therefore includes both the familiar Child’s equation 
and the Schottky equation under one explanation. 

It is the purpose of this paper to examine the equilibrium distribution 
of potential and electron concentration outside the surface of a plane elec- 

1R.S. Bartlett and A. T. Waterman, Phys. Rev. 37, 279 (1931). 

2 R.S. Bartlett, Phys. Rev. 37, 959 (1931). 


1497 








1498 A. T. WATERMAN 


trode in the presence of retarding electric fields (including zero field). This 
is accomplished by solving Poisson’s equation in conjunction with the Boltz- 
mann distribution law (generalized to apply to the Fermi-Dirac statistics) 
after the manner in which this was done for the purely classical case by 
Langmuir.® The generalized distribution law referred to is 


A = Age-V-Voelkt (1)! 


where A and A, are the Fermi A’s® corresponding to two small regions about 
points P and P, in the electron gas where the potentials are V and YV, re- 
spectively. In the present case Po, Ao and V> will refer to the interior of the 
conductor. A deviation of Eq. (1) follows from equality (in equilibrium) of 
the number of electrons per unit area per second proceeding from Pp» to P 
against the potential difference V— Vo, and of the electron current density 
leaving P in the opposite direction. Thus, taking « as the velocity component 
in the direction PoP, the number of electrons reaching P per unit area per 
second, calculated in the usual kinetic theory manner, is 


mG /m\3 ° 
fies (~) i) u(loga oe ou? + l)du 
ad h u! 


where a =m /2kT, Ay=FermiA at Po, }mu™=(V— Vode, or 


7G (m\* ce" log (doy + 1 
na (Ay pO MEP Fy, (2) 
2a? h 0 ¥ 


The number of electrons about P striking unit area per second is the 
similar expression integrated from 0 to *, or 


7G (=) ‘log Gly + i)dy 
anes fies oe o 
2a*\h 0 y 


where A refers to the region about P. Both (2) and (3) are valid whether the 
gas is classical or degenerate. 
For equilibrium, »; =, and 





ew" log (Aoy + I)dy Llog (dy + 1)dy 
If | 

fa, = f or Aa Se 
this condition is satisfied when , 


f(Ao, e-™") = f(A, 1). (4) 


3’ Langmuir, Phys. Rev. 21, 419 (1923). 
* Cf. Waterman, Phys. Rev. 35, 668 (1930); Bartlett: reference 2, p. 963. 
5 Defined by 
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f(A, y) may be evaluated by series expansions both for Ay <1 and for Ay>1, 
when it is seen that (4) is satisfied in both cases, term for term, provided 
A =A yena”” =A eV —Vode/kT, 

For both A and Ao classical (A = [nh®/G(2rmkT)*?], n being the electron 
concentration), Eq. (1) becomes the familiar Boltzmann equation: 
elke (1a) 


nm = noe V-* 
For both A and A, degenerate (log A ={/kT, ¢ being the thermodynamic 


potential) : 
c _ Fo = (Vv —_ Vode. (1b) 


For A classical and A» degenerate: 
G(2rmkT)* * — 

is oe cee eho VV get, (1c) 

he 
It may be noted in passing that Eq. (1) finds several labor-saving applica- 
tions. Just as, in the form (la) it has commonly been used to derive the 
thermionic saturation current density resulting in the 7’? equation, simi- 
larly in the form (1c) it results in the Sommerfeld 7? law. In the form (1b) 
it gives directly the Volta P.D. between two metals or, as Becker has aptly 
named this quantity to distinguish it from the contact P.D., the junction 

P.D. 


POTENTIAL DISTRIBUTION 


We proceed to the derivation of the equilibrium conditions in the neigh- 
borhood (« >0) of a metal whose surface lies in the plane x = 0, in the presence 
of a uniform electric field in the x-direction which retards electron emission. 
Assuming the electron gas degenerate within the metals, then for points far 
enough from the surface so that the gas is effectively in the classical state, 
Eq. (1c) applies, whence by use of Poisson’s equation, 

GV 4nGe(2armkT)*? 
wi ; ehot VV ye kr (5) 
dx? h 
where e = |e|, the charge on an electron. 

Performing the first integration subject to the boundary condition that 

atx=0, V=—0,dV/dx=E: 





dV \? 
(= -) = B%eVVodelkT 4 Ee (6) 
dx 
SxGe(2rm)*!?(k7)5”? ; 
where $? = aa geltt (6) 
r 


The general solution of Eq. (6), subject to the boundary condition that 
atx=0, V=Vo,*is 


6 Strictly speaking on account of the penetration of surface, x =0 must be a plane a short 
distance within the conductor, if V, is to mean the normal intrinsic potential of the metal. The 
distance involved is of the order of atomic dimensions (cf. Waterman: Proc. Roy. Soc, A121, 
28 (1928), 
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_ og a 


a Yta)tta | dtatit + “) 
+. == oF — . ——— er 
el: (v?+a?)'!*?—-—a (1 + a2)? — @ 


wherea=F 8, log yv=(V— Vode RT, 
or 
kT 
x= [log (1 + 252 + 22(1 + 3%)'/2) — log (1 + 2a? + 2a(1 + a@?)"/?)] (7) 
el: 
where s=a y. 

Since, assuming one electron per atom in the conductor, 8 is of order of 
magnitude 10" or more for thermionic emitters, a<1 for all practicable 
applied fields, and the second logarithm in Eq. (7) may be expanded in 
powers of a. Similarly the first logarithm may be expanded in powers of 
or of 1s, depending upon whether a < or >y. We have therefore as approxi- 
mate solutions in a more usable form: 


For 
: ; kT i 
le —Vo| > log »> (32> a): 
€ rt 
2kT «3 
r-ty=- log -y¥ (8) 
€ JkT 
for 
«3 
+> 1 
i.e. ¥>10°' em approx. 
For 
kT I 
V — Vo| < — log —> (5 < a): 
€ B 
J ' kT 4):° 
1" = | , = =- Ex a . log re (9) 
€ 3° 


Thus in the region covered by Eq. (8) the applied field does not affect 
the potential distribution, while in the region where Eq. (9) is valid space 
charge effects are absent. The boundary between the two is quite narrow 
in range, and the critical distance from the surface is 

, k r ” ~ ope : Sar rye or- 

wv = -—- log (3 + 2(2)'*) = 1.52 K 10-7) E cm (E inv/em, T in *R), 

el: 
the distance at which 
s = a,or| V — Vol = k7ye log F/B. 


Fig. 1 shows the potential difference (Vo—V) between the interior of 
the metal and external points-as afunction of the distance x, for the case 
of tungsten at, 2300°K.' The solid line represents the case of no applied 
field, and agrees with that of Bartlett’? derived in a different manner. The 


7 Bartlett, reference 2, Fig. 3. 
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broken lines show the effect of various applied fields, from 3v,cm to 3X10" 
v cm. The main curve is not carried closer to the surface than about 31077 
cm, for within this region the electron gas begins to be degenerate and the 
premise of this calculation (Eq. 1c) is not applicable. It will be noted that 
at ordinary electrode distances the potential difference between interior and 
exterior is of an order of magnitude in agreement with the work function on 
the Sommerfeld theory. It is of interest further to remark that retarding 
fields of cold extraction magnitude affect the potential distribution at points 
so close to the surface that the electron gas becomes degenerate. If accelerat- 
ing fields do likewise the conjecture may be ventured that herein lies a form 
of physical explanation for the slightness of temperature effect on cold 


extraction currents. 
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Fig. 1. Potential difference between conductor and points at distance x from surface. 


DISTRIBUTION OF ELECTRONS 


The equilibrium distribution of electrons corresponding to this potential 
distribution, found by Eq. (1), is then given by 


kT 2kT | 
eu———;, £2 -——(~ 10-* cm) (10) 
2re? x" €3 


for zero applied field and for x <x’ for retarding fields. 


Forx>wx’: 
Ee 7 
—_—.. eB ET 2 (11) 


2rkT 


n= 


It is seen that the concentration of electrons at external points is independent 
of the nature of the emitting body, and depends only upon the temperature, the 
distance from the surface, and the applied retarding field where effective, 








1502 A. T. WATERMAN 


i.e. Outside the critical distance x’. This agrees with the result reached by 
Langmuir’ for the completely classical case in the absence of applied field. 
Fig. 2 shows graphically the relation between 7 and x, covered by Eq. (9) 
and (10), the solid and broken lines having the same significance as before. 
The effect of an applied retarding field is to cut off the electron atmosphere 
quite sharply at the critical distance x’, whereas inside the critical distance 
the density is not appreciably affected. For very high fields such as 10° v/cm, 
the electron atmosphere is effectively reduced to a layer about 10~-® cm in 
thickness within which the state is increasingly degenerate. Again attention 
may be called to the point that retarding fields of cold emission strength 
control the electron density down into the degenerate region. 
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Fig. 2. Electron concentration vs. distance from surface. 


The fact that the electron concentration is independent of the metal 
does not mean necessarily that according to this hypothesis all metals should 
yield the same thermionic currents in the absence of an applied field as the 
experiment would usually be performed. If the concentration given by Eq. 
(10) is used to derive the thermionic current density under these conditions, 
we have J =(m/e)(kT'/2am)*? 1/x*. This would be the current density due 
to electrons striking an electrode at the distance x, assuming the current 
so small that equilibrium is maintained and assuming that the collecting 
electrode in no way affects the electron density or the potential distribution 
which would exist in its absence. At first sight it might appear that a suitable 
potential for this electrode could be computed by Eq. (7). Thus at a point 
1 cm distant from a plane tungsten cathode at 2300°K the calculated po- 
tential is 12.7 v. with respect to the cathode. It does not follow directly 
however that the collecting anode will serve its purpose if set at this potential, 
since the anode, even though cold, has its own electron atmosphere and con- 


8 Langmuir, reference 3. 
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trols the potential in its neighborhood in a manner similar to the cathode. 
Clearly also any attempt to set the anode negative with respect to the cathode 
would put its own electron atmosphere under an accelerating field. It follows 
that, for a complete solution of the problem of thermionic currents between 
plane parallel electrodes from the present point of view, the electron atmos- 
phere surrounding doth electrodes should be taken into account, the one 
being subject to an accelerating field, the other to a retarding field. 

A point of interest is that in equilibrium the electron concentration at any 
given distance from the surface is not so pronounced a function of temper- 
ature as one would judge from thermionic emission, since it is only directly 
proportional to the absolute temperature. Thus, on the hypothesis pre- 
sented, a metal at room temperature should have an electron atmosphere 
whose density is of the order of one fifth to one seventh that at the same 
distance from the metal at thermionic temperatures. Over the same tem- 
perature range the equilibrium potential distribution is affected to a much 
less degree, by a factor of one-half to two-thirds at a distance of 1 cm, and 
and about five-sixths at 10-* cm. 

Although at the same temperature the electron density at a given dis- 
tance from any plane metal surface should be the same (in equilibrium) in 
the absence of applied field, the potential should depend upon the nature of 
the metal. In fact the potentials at equal distances from two different metals 
at the same temperature should bear the ratio: 


Vi log8; 
V2 log 8. 


If degeneracy is assumed within the metal 1) /l2~¢), & toa high degree 
of approximation and hence this ratio may differ from unity by a factor of 
two in extreme cases (¢ = (3 /47G)*%h?/2m). Herein lies a possibility of a 
direct test as to the state of the electron gas within a metal, since if a classical 
state is assumed 6? =8rn kT where no=electron concentration within the 
metal. Then, assuming the (classical) electron gas density within a metal 
proportional to the number of atoms per ce. V,/ V2 would never differ from 
unity by more than about 5 percent. It may be possible to make this test by 
comparing the potentials required to produce equal currents from two differ- 
ent metals under otherwise identical conditions. °® 

The field intensity at external points in the absence of applied field, or 
within the critical distance x’ with a retarding field is 

dV 2kT 


— = —- — (12) 
dx €x 


The image force law gives an intensity —e/4x?, and the ratio of the space 
charge intensity to the image force intensity is therefore (dV/dx),:(dV/dx); 
=8kTx/e. At 300°K this ratio is 1.4 10°x; at 2300°K, 1.1107’x. The two 
intensities are equal at x=7X10-7 cm (300°K) and at x=9X10-* cm 


® Cf. Bartlett and Waterman, reference 1. 
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(2300°K). Outside this distance the intensity reckoned on the space charge 
basis is greater than that due to the image force, increasingly so as the dis- 
tance increases. Thus the former is 10° times the latter at a distance of 10-4 
em. Partial quantitative support for this conclusion is seen in experimental 
determinations by several investigators" of the field intensity close to a metal 
surface. In the most recent work Lawrence and Linford find the field in- 
tensity quite close to the surface (between 107-7 and 10-® cm) to agree with 
the image force value, whereas at greater distances the intensity is con- 
sistently greater than that computed from the image force. This would be in 
general agreement with the present calculations. 


ELECTRON SEPARATION DISTANCE 


Taking the mean distance between adjacent electrons as n~!* this dis- 


tance d compares with the distance x from the surface as follows: 
d® Te 


-= —— = 4.5 X 10-* at 2300°K. 
ee kT 


” 


tm 





ralo . 2 sq “cm 


Fig. 3. Approximate indication of mean electron spacing. 


Thus at 2300°K an electron 4.5 X 10~-* cm from the surface is at the same 
average distance from its neighbors. Closer to the surface it is farther from 
its neighbors than it is from the surface, and outside this distance the re- 
verse is true. This calculation gives of course roughly the mean distance 
between electrons in a plane parallel to the surface and not in a direction 
perpendicular to this. Except at the closest distances an electron will always 
have a fairly dense atmosphere between it and the atoms of the metal. This 
is illustrated crudely by Fig. 3 where a rough picture is sketched in two 
dimensions to show the distribution of electrons between the surface and 
two electrons at the above distance of 4.510-* cm. In this figure the hori- 
zontal distance between electrons has been computed from the above equa- 


10 Becker and Mueller, Phys. Rev. 31, 431 (1928); Reynolds, Phys. Rev. 35, 158 (1930); 
Lawrence and Linford, Phys. Rev. 36, 482 (1930). 














EQUILIBRIUM DISTRIBUTION 1505 


tion and the electrons are simply spaced symmetrically about a central 
vertical line. The range shown is that in which the image force action is 
utilized to explain the Schottky effect. The figure is illuminating in showing 
why according to the space charge analysis an image law may be used as an 
approximation provided most electrons have been removed beyond a certain dis- 
tance from the surface (thus presumably for strong fields), though the plane 
to be used for image calculation would appear not to coincide with the sur- 
face atomic layer. 


SPACE CHARGE Vs. IMAGE FORCE 


The validity of space charge effects in the cases here treated (zero or 
retarding fields) is of course well known. The present analysis however brings 
out the fact that an applied retarding field has no appreciable influence on 
the potential or the electron density within a certain critical distance from 
the surface in question. This likewise appears to be not far from the truth 
for accelerating fields from Bartlett’s calculations. That being the case a 
comparison of image force deductions with those of space charge inside this 
critical distance seems to be legitimate and desirable. When this is done the 
following conclusions may be drawn: 

(1) The electric intensity due to space charge exceeds the image intensity 
at all distances from the surface beyond points so close that the surface 
structure should begin to play a part, where the two are equal. Experimental 
evidence on this point agrees better with the space charge intensity. 

(2) The mean distance between adjacent electrons in a plane parallel to 
the surface is of the same order of magnitude as their distance from the sur- 
face, as calculated from space charge considerations. At the same time the 
calculation indicates the justification of an image force as an approximation, 
in the presence of strong fields. 

Similar calculations based on the image law alone show it to be self-con- 
sistent, i.e. the mean distance between adjacent electrons is very much greater 
than the distance from the surface. 

(3) The order of magnitude of the potential difference between the in- 
terior of the conductor and external points, as computed from space charge, 
is in agreement with the requirements of the Sommerfeld electron theory, 
thus giving directly the possibility of a work function of the correct magni- 
tude. The value of the work function so obtained would depend upon the 
concentration of electrons available for thermionic emission (“thermelec- 
trons”?) within the conductor, thus relating the work function with the 
thermodynamic potential. 

The image force calculation of the work function can also be made con- 
sistent with the Sommerfeld theory by reducing (approximately by a factor 
of two) the distance from the surface at which the image law ceases. 

The author is indebted to Professor R. S. Bartlett for many stimu- 
lating discussions, whose space charge analysis under accelerating fields was 
responsible for the present paper 
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ABSTRACT 


This paper records a development in the design of the single cell type of electro- 
optical shutter together with a theory describing its action. Part 1. gives a description 
of the shutter together with a method of observing simultaneously two stages of the 
phenomenon being studied. Part II gives the theory of shutter action. A condensed 
summary of the physical optics is followed by a development of the electric circuit 
theory which gives the manner of closing of the shutter when the leads to it are fairly 
short. The theory is illustrated by a series of numerical examples based on typical 
experimental conditions which show the effect of varying each controlling factor. 
The times required for closing (90 to 100 percent transmission) are of the order of 
4X10~® sec. under favorable conditions. The necessity for a Kerr cell of small elec- 
trostatic capacity is shown. Part III gives three groups of experimental data which 
were obtained with the shutter in a study of spark breakdown: one indicates the time 
resolution attainable; another gives the total time lag in closing; and a third gives 
the change in this lag with certain conditions. The information of the second group 
combined with the theory yields the rate of fall of voltage across the controlling spark 
gap (static breakdown), a typical value being 14 X 107° sec. 10 fall to 20 percent of the 
initial value (76 cm Hg, 5 mm gap). The theory and experimental data are found in 
complete agreement. An improved method is given for the determination of the cor- 
rect damping resistance in the shutter circuit. Part IV gives a description and the 
factors considered in the design of the Kerr cells developed in the present study, also 
the essentials of the technique for their proper use. 


INTRODUCTION 


HIS paper is concerned with the Abraham and Lemoine type of electro- 

optical shutter, a single cell, “open-to-closed” type of shutter. The two 
cell, “closed-to-open-to-closed” type of shutter developed by Beams! will not 
be treated here. The principle of the Abraham and Lemoine electrooptical 
shutter has been known for some thirty years,’ and use has been made of it 
by various experimenters when a device was needed to analyze the light of 
a rapidly varying phenomenon.*:*** Thus it has been used to measure the 
time lag of fluorescence, the difference in times of appearence of the spectrum 
lines in a spark discharge and for a study of the early stages of spark dis- 
charges. The validity of the results obtained with it have been somewhat 


1 Beams, J.0.S.A. 5, 597 (1926). / . 

2 Abrahan and Lemoine, C. R. 129, 206 (1899), 

’ Gottling, Phys. Rev. 22, 566 (1923). 

4 Beams, Phys. Rev. 28, 475 (1926). 

5 Locher, J.0.S.A. 17, 91 (1928). 

6 Lawrence and Dunnington, Phys. Rev. 35, 396 (1930). 
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justly criticised.’ It is in fact a long step from an understanding of its simple 
principles to its application in obtaining quantitative measurements when the 
times involved are of the order of 10° 8 to 10° sec. 

The information presented in the present paper is the result of a study 
which was initially undertaken to investigate spark breakdown phenomena. 
It was necessary to develop an apparatus which would make possible an op- 
tical analysis of a process moving from initiation to completion in a time of 
the order of 10-8 sec. The electrooptical shutter was chosen for this work as 
offering the only feasible means. It has been developed to the point of provid- 
ing a satisfactory method for such a study, with the interpretation of the re- 
sults reasonably quantitiative and the limitations of the shutter fairly well 
known. 

During the later stages of the present study which has been in progress 
since the publication of a previous paper,® a paper appeared by von Hamos® 
recording the results of a somewhat similiar study. Since however the present 
study has been developed further, with the experimental method differing in 
several essentials, and the mathematical treatment considerably less approxi- 
mate, no essential duplication results. 


PART I. DESCRIPTION OF THE ELECTROOPTICAL SHUTTER 


The apparatus constituting the shutter proper is shown diagrammatically 
in Fig. 1. Light from the phenomenon at S which is to be analyzed is passed 


Mnf 
a I 

O24 Si 

N, 


Fig. 1. Schematic representation of the electrooptical shutter. 








through the nicol prism N,, between the plates of the Kerr cell KC and then 
to the second nicol N2 which is crossed with the first (i.e. set for total extine- 
tion of the light). A lens Z which focuses the light on a photographic plate or 
an eyepiece at E completes the optical system. The Kerr cell consists of two 
parallel metal plates P (the size and spacing of which must be computed) 
placed in a glass cell C containing a liquid which possesses the property of be- 
coming doubly refracting under the influence of an electric field. Electrical 
connections 7 are made from these two plates to the voltage V which is used 
to control the shutter. In the present study the optical source S, which was 
a spark gap, also provided the control voltage V through the voltage across 
the gap. This combining of S and V is not an unimportant detail as it pro- 
vides the all important synchronization between the initiation of the pheno- 
menon being studied and the closing of the shutter at some definite stage of 
the phenomenon. 


7 Gaviola, Phys. Rev. 33, 1023 (1929). 
® Von Hamos, Ann. d. Physik (5) 7, 857 (1930). 








1508 FRANK G. DUNNINGTON 


The action of the shutter when controlled by a spark gap as shown in 
Fig. 2 is briefly as follows. Voltage from a direct current source is applied 
simultaneously to gap and WKerr cell. The existance of an electric field in the 
liquid of the INerr cell causes it to become doubly refracting. Hence the plane 
polarized light incident upon the cell emerges elliptically polarized and a cer- 
tain fraction of it passes through the second nicol prism. Thus when a poten- 
tial exists across the plates of the Kerr cell the shutter may be considered 
open. When the applied voltage has reached a sufficient value the gap “breaks 
down.” Two important characteristics of the breakdown are a rapid collapse 
of the voltage across the gap and the emission of light in the gap. Following 
the breakdown an electric wave is propagated out along the wires 7° toward 
the Kerr cell, while light is emitted and also travels toward the cell. The elec- 
tric wave reaches the cell at a time after the beginning of the breakdown equal 
to the length of wire path between the gap and cell divided by the wave 
velocity (very nearly the speed of light), while the light reaches there after 
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Fig. 2. Experimental arrangement of the shutter which provides a means of simultaneously 
observing two stages of development. 


a time equal to the path traveled divided by the speed of light. Light arriving 
at the cell before the voltage wave passes on through, that arriving after is 
rejected due to the collapse of voltage and consequent vanishing of the double 
refraction. 

Measuring times from the beginning of the break in the voltage across the 
gap, the length of time ¢, which the shutter remains completely open after the 
breakdown is given by 
Ly — L, 
(, = —— (1) 

3 X& 10'° 
where L,, and L,; are respectively the lengths in centimeters of the wire path 
and light path from gap to cell. ¢, will be referred to as the path time of cut- 
off. A study of the deviation of the actual or effective time of cut-off from this 
path time will constitute a large part of the paper. 

It is evident from the expression for ¢, that the time of cut-off can be 
varied by varying the length of either the wire or light paths. Normally the 
length of light path is fixed and the wire path is varied. However with this 
arrangement there is a limit to the quickness of cut-off since the wire path is 
always longer than the light path. To obtain still quicker cut-off times the 
light path must be lengthened without changing the wire path. This is con- 
veniently accomplished by the second optical system devised in the present 
study and shown in Fig. 2. The lens Zz produces a parallel beam of light which 
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is reflected back by the mirror \/J through the same lens and comes to focus 
at a position P, slightly to one side of the source P (spark). It then passes on 
through the shutter system and produces a second image at P; by the side of 
the direct one. Since this second image has a longer light path, it has a smaller 
time of cut-off, and therefore represents an earlier stage of the phenomenon. 
Indeed if LZ, is made larger than L,, negative times result (i.e. the shutter 
closes ahead of breakdown). This condition has been used frequently. This 
double optical system hence makes possible the simultaneous observation of two 
stages of the phenomenon, the time difference between them, being known as ac- 
curately as one desires to measure the length of the additional light path of the 
second system. 
Part Il. THeory OF THE SHUTTER ACTION 

(A) Physical optics. 

A complete treatment of the physical optics of double refraction as applied 
to the Kerr effect has been summarized by Kingsbury.* The relation of use 
here is that giving the intensity J of light transmitted by the shutter system 
(neglecting absorption and loss by reflection) as a function of the electric field 
between the Ierr cell plates. 

I = Ig sin? (rbLE?) (2) 


Where Jo is the incident intensity, } is Kerr constant of liquid used, L is 
length of plates in direction of optic axis, and E is field strength in e.s. volts 
cm. This equation is valid only for the usual condition in which the electric 
field makes an angle of 45° with the plane of polarization of both nicol prisms. 
In general the edge effect of the electric field at the ends of the Kerr cell 
plates will cause an appreciable error. This may be allowed for by replacing 
the LZ of Eq. (2) by the following relation given by Chaumont"® for the effec- 


tive length L’. 
a d a 
L’ = n+“ + — log (1 +<)]. (3) 
Tv a ¢ 


Where Z is the length of plates in direction of light, a is their separation and 
d is their thickness. This relation is accurate only when the length and width 
of the plates is at least three times their separation, and when there is an ap- 
preciable body of liquid around the plates. 

Since nitrobenzene has a much larger electrostatic Kerr constant than 
that of any other known liquid, it should be used. Many values have been 
published for the Kerr constant of nitrobenzene, the differences possibly be- 
ing due among other causes to variations in purity, but that given by Moller! 
seems to be reliable for the very pure substance. It is b)=3.46 10-5 at 20°C 
and a wave-length of 5460A. The constant decreases rapidly with increasing 
temperature.” 

® Kingsbury, Rev. of Sci. Inst. 1, 22 (1930). For a general discussion of the electrooptical 
Kerr effect see Handb. d. Physik 21, 724. 

10 Chaumont, Ann. d. Physik (9) 5, 31 (1916). 

1 Miller, Phys. Zeits. 30, 20 (1929). 

22 Hand. d. Physik 21, 769-780. 
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Inspection of Eq. (2) shows maximum (i.e. 100 percent) transmission is at- 
tained for that value of the field (call it £,,.) given by 


En = (2bL)-*/2, (4) 


It will be convenient to rewrite (2) in terms of this value. 


ae ‘[ B ) | (5) 
= sin- c pe] 
Io 2 3 


To give a visual picture of the behavior of intensity with field strength, Eq. 
(4) is shown graphically in Fig. 3. For small values of E E,, the sine is ap- 
proximately equal to the angle, so that the intensity is proportional to the 
fourth power of the field. As E increases to E,, the power in effect decreases 
from four to zero. This fact has led previous experimenters to the belief that 
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Fig. 3. The fractional intensity transmitted shown as a function of the field. 
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a “quicker” cut-off is obtained if smaller initial fields are used. On the con- 
trary it will be shown in the following section that quicker cut-offs are ob- 
tained with higher fields. 


(B) Electric circuit theory. 


With this brief review of the optical behavior of the Kerr cell, let us con- 
sider the electric circuit of which it is a part. From this viewpoint, the Kerr 
cell is simply a small condenser. It is situated at the end of a transmission line 
(whose length may be a few centimeters or many meters) containing distrib- 
uted inductance, capacity and resistance, and at the other end of which is 
a source of voltage V which decreases rapidly when the spark breaks down. 
We will assume that the drop of this control voltage can be represented by 
a function of the form 






V = Voe~™(1 + mt) (6) 


where Vo is the initial voltage, ¢ the time and m a positive constant. This func- 
tion was chosen because of the general resemblance of its form to oscillograph 
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curves of static spark breakdown." Its slope at ¢=0 is zero. A nonoscillatory 
function was chosen since experimentally it is advantageous to have an ape- 
riodic discharge. Further, the time involved in the actual spark breakdown, 
and hence in the voltage collapse, is small compared to the quarter period of 
the oscillation normally encountered in condensed discharges, so that any 
errors caused by erroneous voltage values at relatively late times are of second- 
ary importance in the work at hand. We will also assume that the distrib- 
uted inductance / and resistance r can be treated as lumped, and that the 
distributed capacity of the leads is considerably smaller than the capacity of 
the Kerr cell c so that it can be neglected. Experimentally these circuit as- 
sumptions are valid only for short transmission lines, say not more than 0.5 
to 2 meters, since the distributed capacity soon approaches that of the Kerr 
cell. However, the study of the formation stages of spark breakdown requires 
such short leads so it is of considerable interest to obtain an analysis of the 
shutter action at these short times. 

We have then, in effect (see Fig. 4) a condenser discharging through a 
symmetrically divided inductance and resistance during the time that the 
original impressed voltage is falling to zero.* The treatment of the spark gap 


= TOOOS 0 WV 
% "le | 
SUSSSO—Vww. a 
Ly, "h 


Fig. 4. Simplified shutter circuit. 


as a voltage is advantageous not only because it makes possible the utiliza- 
tion of oscillograph data but also because it eliminates the necessity of dealing 
with the resistance of the spark. In addition it largely takes care of interaction 
between this shutter circuit and the reservoir condenser-gap circuit because 
the usual period of the latter is about a hundred times that of the former, and 
the only appreciable interaction would be the voltage appearing across the 
gap due to current flowing in the reservoir circuit. Considering, then, the 
circuit of Fig. 4, the following differential equation may be written: 


di : q 
l— + ri + — = Voe~™*(1 + mt) (7) 
dt c 


where / is the current and g the charge on the condenser. With the ordinary 


circuit notation: 
r . dq 
5b = > k = (Ic)-"?, § = — 
21 dt 


13 Rogowski and Klemper, Archiv. f. Elektrotechnik 24, 127 (1930). 

* In the treatment by von Hémos,® inductance as well as distributed capacity was neglected 
and the collapse of voltage across the gap was in effect assumed to be instantaneous, so that the 
problem reduced to the ordinary discharge of a condenser through a fixed resistance. In addition 
E,/E,, was assumed to be less than 0.5, so that the transmission was proportional to the fourth 
power of E/En. 
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Eq. (7) may be rewritten: 


da d Vi 
: + Jb 2 + k*g = 7d mt(] + mt). (8) 
d 


dt? 


The solution of this differential equation is 


q iD — 
= F = Cc ™ cos | (k? — by) — 0) | — (/ + et)e™ (9) 
qo “0 


where the constants are as follows: 
k?|m(3m — 4b) + k?| 


jf = : (10) 
(m? — 2bm + k*)? 


k?m (11) 
a m> — 2bm + k? 
mf—g+b(1—f) 
# = tan | —$— $$ =| (12) 
(B= FP — §F) 
1-—f 
Cc =—-.- (13) 
cos 6 


For convenience in reference, the other symbols will be redefined here in the 
units in which they will be used: 7 = resistance in ohms, ¢ =capacity in farads 
(of Kerr cell), /=inductance in henries, )=r, 2/, k =(/c)~'*, m=a positive 
constant, g/go=fraction of charge remaining on condenser at time ¢ (in sec- 
onds). The origin of time is the beginning of the break in the voltage across 
the spark gap. E/E is the fraction of the initial field existing between the 
condenser plates at time ¢, Eo being the initial field (volts cm) as distin- 
guised from E,, which is the field which gives maximum transmission. 

The solution of the problem given by Eq. (9) is valid only for an oscilla- 
tory discharge but this is the condition of practical interest. The first term in 
the solution is of the same form as the ordinary solution for instantaneous 
voltage drop. The second term represents the effect of the gap voltage (see 
Eq. (6)). The results given by this solution can be best illustrated by a set of 
numerical examples using as a basis values from a typical experimental set- 
up. The values that will be used are: r=35 ohms, /=0.75 X10~ henries, c= 
14.7X10-" farads, Ey =E,, and m=0.21X10.° The first four are directly 
measured quantities, the last was obtained indirectly from experimental data 
as will be explained in Part III. The procedure will be to vary, one at a time, 
each of the five quantities, holding the other four constant, and to study the 
effect. Since what is finally desired is not the behavior of E/E, but of the 
transmission of the shutter, the values of E/E» obtained from (9) will be 
translated into J/J) by means of (5). The ratio 7/Jo will be referred to as the 
transmission. 
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Before proceeding to the example, the concept of time must be clearly 
understood. Since lumped constants were used in obtaining the above solu- 
tion, no direct account is taken in it of the time /,, required for propagation of 
the wave from gap to shutter, (i.e. of Z../3X10", see Eq. (1)). Mr. H. W. 
Washburn" of this laboratory has made a derivation on the basis of distrib- 
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Fig. 5. Relation of various times to each other and to a typical computed transmission curve, 


uted constants, which work will be published soon. For short lengths of 
leads to the Kerr cell, the two solutions give essentially the same results 
providing the time of propagation is neglected in the author’s solutions. In 
effect then, lumping the constants, automatically allows for the time of prop- 
agation to a first approximation. Eq. (9) then gives directly the state of 
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Fig. 6. Various assumed rates of voltage collapse across the spark gap. 


transmission of the shutter at various times after breakdown. The ¢ of this 
solution is the time scale given in all figures in this section and will be re- 
ferred toas the gap time ¢,. However, fo obtain the effective action of the shutter 
on the light the time t, required for the light to travel from gap to shutter must be 
subtracted from the given times. In the experimental set-up this amounted to 
0.5X10-* sec. This corrected time scale will be referred to as the effective 


4 Washburn, Phys. Rev. 38, 584 (1931)—a preliminary report. 
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time ¢. Fig. 5 shows a typical transmission curve as obtained from Eq. (6) 
with the relation between the various times indicated. If the closing of the 
shutter were instantaneous the transmission curve would be coincident with 
the right hand dotted line. The interval designated as At represents the lag 
in the closing of the shutter to any given state of transmission and is numeri- 
cally equal to (t,—t.) or (t.—t,). 
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Fig. 7. Effect of varying the rate of collapse of spark gap voltage on the closing of the shutter. 
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Fig. 8. Relation between rate of voltage fall and (a) time of cut-off of shutter (extrapolated), 
(b) time for shutter to close (extrapolated) from 100 to 0 percent transmission. 


Since the value of m, that is of the rate of voltage collapse on the gap, has 
a large effect on the transmission curves, this will be studied first. Fig. 6 
shows a plot of the voltage function (Eq. (6)) for various values of m from « 
to 0.15 X 10°. Thus if m =0.21 X 10°, the gap voltage will fall to 20 percent in 
14.3 10-° sec. Fig. 7 gives the corresponding set of transmission curves. 
They are seen to be of quite different shape than the exponential curves 
assumed by previous experimenters. That for m=0.21X10° corresponds to 
the experimental condition. The path time of cut-off (Eq. (1)) for the 
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aboveexampleis/, =0.7 X10~*sec. Ifa straight line is drawn through the trans- 
mission curve for the above m, the extrapolated time of cut-off is (10.8 —0.5) X 
10-°=10.3 X10~° sec. (effective scale) as contrasted with the t, of 0.7 K10-° sec. 
Even with an instantaneous voltage drop (m=), the extrapolated cut-off 
time is 4.0 X 10~° sec. In drawing the above straight line, it is tipped slightly to 
allow for the rounding off of the transmission curve. The amount of tipping 
necessary was judged from some experimental data in Part III. As would 
be expected, the more slowly the voltage falls, the later the cut-off occurs. 
This is shown quantitatively in Fig. 8 which givesdirectly the relation between 
the rate of voltage fall as obtained from Fig. 6 and the corresponding extra- 
polated times of cut-off as obtained from Fig. 7. The times given in this and 
later tables are gap times. In addition the extrapolated time required for the 
shutter to close if its action were linear from start to finish instead of from 
about 90 to 10 percent is shown as a function of the rate of voltage fall. For 
example for m=0.21X10~-* sec., the time to close is (10.8—5.7) K10-°=5.1 
X10-* sec. This time to close is of interest since the time resolution of the 
shutter depends upon it. The other factor influencing the time resolution is 
the proportional rate of intensity increase of the light source being studied. 
This is considered later. 

There is another quite important effect to be noted from the variation of 
the rate of voltage collapse, namely, the pronounced decrease in the oscilla- 
tions (the damping resistance being held constant) with slower rates of volt- 
age fall. This is shown in Table I in which the peak transmissions of the first 


TABLE I. Effect of rate of voltage collapse on magnitude of oscillations. 














| Time for | 1st Oscillation | 2nd Oscillation 
| voltageto - _ . 
m fall to Time of | Maximum | Time of | Maximum 
| 20 percent peak | transmission | peak transmission 
10-® sec. | 10-* sec. | (percent) | 10-* sec. | (percent) 
x 0 | 10.7 | 66.9 21.2 | 30.3 
0.46 X 109 6.6 14.6 | 17.9 | 25.0 7.20 
0.21109 14.4 18.0 0.100 ye | 0.407 
0.15 10° 98 | —- | = | 27.8 | 0.0025 








and second oscillations are given for a few values of m. The first oscillation 
(i.e. first reversal of voltage) is so suppressed with m=0.21 10° that it is 
less than the following (positive) oscillation, and with m=0.15X10° it is 
simply an undulation in the tail of the cut-off curve. A simple mechanical 
analogy is often helpful in visualizing the behavior of the shutter circuit, 
namely a simple pendulum suspended in a viscous fluid. The original dis- 
placing force can be thought of as being reduced in the same manner as the 
gap voltage. This force retards the motion of the pendulum toward the equilib- 
rium position, hence the smaller oscillations and their nonsymmetrical char- 
acter. It is apparent then that the slower the rate of voltage collapse, the less 
dam ping resistance will be required for satisfactory operation. 

Before the shutter will function properly it is necessary to adjust the 
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damping resistance to the proper value. The effect of the damping resistance 
on the transmission curve is shown in Fig. 9. It is seen to be largely one of 
slowing down of the rate of closing with only a very slight displacement of 
the curve to later times. This is quantitatively shown by the extrapolated 
data given in the upper half of Table II. The effect of the oscillations can 
be judged from the data on the second oscillation given in the same table. 
The decrease of amplitude with resistance is so rapid that for a resistance 


Or T — 
| 
| | RQ 
« } ; } } N 
| } | \ 
« ; } ; ' 
< 
- w 
2 
5 0 
‘ CiRcutt CONSTANTS 
i- st HENRIES 
ce 147.10" FARADS 
z FO 
Z fe 4S (NOICATED 
a7 met 0° 
i f= Ee 
~ 0 
2 CRITICM RESISTANCE = 452 0 
Yr 
r » 
«” 
c 











te = Time AFTER BEeGnninc OF BREAKDOWN 


Fig. 9. Effect of varying the resistance in the Kerr cell circuit on the closing of the shutter. 


TABLE I]. Data from Fig. 9 and 10 showing effect of varying the damping 
resistance and the initial field strength. 
















Time of Time to 2nd Oscillation 
cut-off close — — Initial 
Variable (extrapo- (extrapo- Time of Maximum | transmission 
lated) lated) peak transmission | (percent) 
10~° sec. 10° sec. 10° sec. (percent) 
r j 
0 10.45 4.85 ro 3.30 100 
| 35 10.8 5.0 ¢ 0.407 
Fig. 9 | 70 2.45 5.35 28.6 0.048 " 
125 11.8 5.9 30.5 0.0015 . 
200 12.7 6.7 (30.5) (3.8 X10~*) ° 
300 14.0 8.0 (30.5) (2.91077) - 
| Eo E» 
0.4 10.0 6.4 27.5 0.010 6.19 
0.6 10.1 6.3 . 0.053 28.6 
Fig. 10 | 0.8 10.4 6.15 . 0.235 71.0 
1.0 10.8 5.1 = 0.407 100.0 
1.2 11.2 3.7 “ 0.845 58.9 
1.414 11.6 2.9 = 1.63 0.0 


of 200 ohms or greater the second oscillation also becomes merely an undula- 
tion in the tail of the transmission curve. The critical resistance (aperiodic 
discharge) is 452 ohms. With increasing resistance the decrease of extraneous 
light passed by the oscillation is counteracted by the increase due to the 
rapid lengthening of the foot or tail of the transmission curve so that an 
optimum resistance value must be found (see Part III). 
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As has been mentioned before, the belief that a quicker cut-off is ob- 
tained if an initial field strength is used corresponding to a small ratio of 
EK, ‘E,, is not founded on fact. The effect of varying the initial field is shown 






















1001 _ 
| Circuit CONSTANTS 
$0 | R=O75 «10° HENRIES 
c¢ «147.107 FARADS 
r=35 OHMS 
2® m=O.2t 2109 
e £.= (AS INDICATED) 
Zz wm Sedeennpenianency  — 
= % | 
& elas 
ve | 
| 
z . 
z 
o 
: —|+— 
” | 
z demi 
“ -—_—— —+ 
z | ] 
e 
hb 
3 «64 
110? sec 


ty-Time AFTER BEGINNING OF BREAKDOWN 


Fig. 10. Effect of varying the initial field (or voltage) in Kerr cell on the closing of the shutter. 


in Fig. 10. It is apparent that more rapid cut-offs are obtained with larger 
E,/E,, ratios, that is, the slope of the transmission curve is greater. This is 
especially true for values of £,>0.8 E,,. The extrapolated data are given in 
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Fig. 11. Effect of varying the capacity of the Kerr cell on the closing of the shutter. 


the lower half of Table II, together with that on the second oscillation and 
the initial transmission. The advantages of higher Ey -,, ratios are: smaller 
times to close (which is of the greatest importance when very rapidly changing 
phenomena are being studied) and far greater light intensities; the dis- 
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advantage is the rapid increase of extraneous light due to the increased 
magnitude of the oscillations. Consideration of the curve 2) =2!E,, leads 
to the suggestion that the closed-open-closed action of the Beams! type of 
shutter could be attained with the single cell shutter being considered here. 
It can, but only with an approximately monochromatic light source, since 
the Kerr constant changes so rapidly with wave-length. 

We now come to the important consideration of the effect of the capacity 
of the Kerr cell on the shutter action. The manner of closing is shown in 
Fig. 11 for three capacities, one larger and one smaller than that actually 
used in the experimental set-up. With increasing capacity there is both a 
displacement to later times and a decrease in the rate of closing. The former 
can be allowed for by shorter leads to the shutter but the latter is a dis- 
advantage which can not be corrected, hence the necessity of using a Kerr cell 
with as small a capacity as is experimentally feasible. The extrapolated data 
are given in the upper half of Table IIIT together with data on all the oscilla- 


TABLE III. Data from Fig. 11 and 12 sowing effect of varying the + capocty and inductance. 






































| Time of | Time to | Maximum Relative 
| cut-off | close | OQOscil- | Time of trans- energies 
| Variable | aeee- (extrapo-| lation | peak mission | passed by 
| lated) | lated) | number | 107° sec. percent oscil- 
| 10-* sec. | 10-® sec. | | lations 
| Capacity | 
10-122 | | | 
farads | 
| } (1 | 45 2.45 | 
} J 2 | 40.2 0.87 | 
34.2 13.6 | 6.4 } 3 56.5 0.145 8.30 
| ; {4 | 73.0 0.063 
| | | | ?4 18.0 0.100 
| | | 2 4 0.407 
Fig. 11 14.7 | 10.8 | 5.1 | 43 38.5 0.103 1.00 
| | | |4 | 48.5 0.042 
| \ 5 | 59.5 0.015 
| (1) (14.2) 0.003 
7.35 9.1 | 4.4 | ¢2 19.7 0.400 | 0.49 
| (3 28.0 0.016 
(0) (8.6) (6.6) | — | -- - 0.01— 
Inductance| | | | | 
10-8 | | | 
henries | | 
1 (1 | 25.5 | 41.18 
1.80 14.0 6.7 | 42 | 41.3 | 0.184 3.19 
Fig. 12 | 113 | 25:5 | 1218 
0.75 10.8 aek | (Same as above for ¢c=14.7) | 1.00 
If m= a | | | 
1.80 | 6.4 | 4.3 | | 
0.75 | 4.0 | 2.65 | 











tions of any appreciable magnitude. An increase in capacity is seen to cause 
a large increase in the oscillations, the damping resistance remaining con- 
stant. The last column of Table III gives an approximate idea of light 
energies (i.e. extraneous light) passed by the oscillations. The values are 
calculated on the basis of a constant intensity source. The extraneous light 
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is seen to decrease rapidly with decreasing capacity. The curve on Fig. 10 
marked c=0 is the mathematical result obtained if the capacity of the cell 
is assumed zero. Actually, this is not a valid procedure since the basic as- 
sumption that the cell capacity is large with respect to the distributed ca- 
pacity of the leads is no longer true. The curve, however, is of interest since 
it represents the manner of closing if the Kerr cell voltage exactly followed 
the gap voltage. Comparison with the other curves and a study of the be- 
havior of the terms in Eq. (6) show the advantageous effect of the oscillatory 
condition of the circuit, namely that the oscillatory term adds to the upper 
part of the curve and, with sufficiently small capacities, subtracts from the 
lower part, thus doubly causing a quicker cut-off. 

We will consider now the last of the five variables, namely inductance. 
Experimentally, changing the inductance is normally equivalent to chang- 
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Fig. 12. Manner of shutter closing for two values of inductance (equivalent experimen- 
tally to the two path times tp =0.7 and 2.0 X10~° sec.) Dotted curves give corresponding man- 
ner of closing if voltage drop were instantaneous. 


ing the length of leads to the shutter, or in other words to changing the path 
time ¢,. It is true that leads of a given length may be geometrically arranged 
to give different inductances, but if the requirement of low distributed ca- 
pacity is met, there is little leeway for change in inductance of the short 
leads being considered in this paper. The previous statement that lumping 
the constants allows for the time of propagation to a first approximation is 
pertinent at this point. Fig. 12 shows the manner of closing for two induc- 
tances corresponding to the path times indicated. Similar to the change with 
increasing capacity there is to be observed both a displacement of the trans- 
mission curve to later times and a decrease in the‘rate of closing. A dis- 
placement equal to the increase in path times, namely (2.0—0.7) or 1.3 10~° 
sec. is to be expected (see Fig. 5) but the calculated amount judged from the 
straight line intercepts at 100 percent is 1.6X10~° sec. This, plus the in- 
crease in rate of closing results in a retardation in the time of cut-off of (14 
—10.8) or 3.2X10~-° sec. (see lower half of Table III). This serves to em- 
phasize a fundamental defect in the electrooptical shutter, namely, that 
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the rate of closing decreases us the path time of cut-off is increased. It is to be 





noted that only in this last case have two electric constants been varied in 















the same illustration. The resistance was varied as well as the inductance 





to correspond to the best experimental conditions, as these curves will be 
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Fig. 13. Effectiveness of shutter closing when the light source is rapidly increasing in intensity. 
The areas under the 77 curves represent the energies transmitted. 


checked against experimental data in Part IIT. From the last column of 
Table III, it is seen that even under the best experimental conditions the 
amount of extraneous light passed by oscillations increases with inductance. 
The dotted curves of Fig. 12 give the manner of closing for the conditions 
discussed above except with m= <x. 
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Fig. 14. Change in appearance of a spark in steps of 2X10~° sec. Pressure=76 cm of Hg, 
gap length =5 mm. 


The curve representing the light transmitted by the shutter will be 
similar in form to the transmission curves only if the light source is of con- 
stant intensity, a condition not usually found in practice. Fig. 13 illustrates 
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the conditions when the intensity is rapidly increasing. The time scale has 
been corrected for the light path. The two transmission curves 7; and 72 
are the same as those in Fig. 12, while the intensity curve J has been esti- 
mated from experimental data and corresponds to the growth of the central 
bright region of the spark illustrated in Fig. 14. The intensity transmitted is 
represented for the two cases by the curves J7; and J72, and the energies 
of the transmitted pulses of light are proportional to the areas under the JT 
curves. It is seen that a majority of the energy is passed in a region near the 
peak of the 77 curves, especially for later times of cut-off. Hence, to the eve 
or a photographic plate, what happens during a time interval of a few bil- 
lionths of a second—the interval occurring somewhere along the upper half 
of the transmission curve—is predominant and what happens before and 
after is hardly seen. Thus, with a rapidly increasing intensity, the closed- 
open-closed effect of the Beams! type of shutter is approximated. An idea 
of the time resolution obtained under the foregoing conditions can be gained 
directly from the ordinates of the 77 curves. Considering the 77) curve the 
transmitted energy representing the phenomenon at 11 X10~° sec. (consider 
say a time interval of 0.1X10°* sec. duration) is only 17 percent of that at 
8 X10-* sec., that at 12K10-* sec. is only 4.5 percent of the same. 7he theory 
thus indicates a time resolution of the order of 3 or 4X10~° sec. with a rapidly 
increasing intensity, and about 5 to6 X10 ° sec. with a constant intensity source 
(see data on “times to close” in Table ITI for Fig. 12). 


Part IIT. EXPERIMENTAL RESULTS BEARING ON THE 
ACTION OF THE SHUTTER 

By use of the electrooptical shutter to study the early stages of spark 
breakdown, three classes of experimental data have been obtained which 
vield information of use in checking the foregoing theory: first, visual studies 
on the difference in appearance of sparks over intervals of a few billionths 
of a second, which give data on the time resolution; second, photographic 
data giving the time of the extrapolated cut-off; and third, measurements 
giving the change in the time of cut-off with certain shutter conditions. Un- 
less otherwise stated ail the experimental data were taken under the following 
set of conditions: air pressure in gap=76 cm of Hg: gap length =5 mm; 
time for reservoir condenser energy to begin to feed into gap=5X10°° sec. 
(determined by distance of C, Fig. 2, from gap); capacity of Kerr cell = 14.7 
X10" farads; for path time ¢, =0.7X10~° sec., inductance of shutter cir- 
cuit =0.75 X10°° henries and resistance =35 ohms; for ¢, =2.010>-° sec., 
inductance = 1.80 X10°° henries and resistance = 120 ohms. In all cases the 
spark breakdown occurred in completely dried air, the cathode was illumi- 
nated with ultraviolet light, and the reservoir condenser with a capacity of 
0.008 X10 farads was connected to the gap through a linear distributed 
resistance of 50 ohms. 


First class. 
A typical visual study of the change in appearance of a spark with time 
is shown in Fig. 14. The path times are given at the bottom, the first num- 
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ber (3) meaning the ordinary path time as computed by Eq. (1), while the 
subtracted number is the time required to travel the additional light path 
introduced by the second optical system (see Fig. 2). Thus the development 
is shown in steps of 2X10~* sec. What is of interest here is not only the 
change in general appearance—the central region connecting with the 
cathode—but also the change in detail, small spurs and irregularities appear- 
ing both in the newly developed region in front of the cathode and also in 
the central region itself. A growth merely in length and brilliance of the 
central region would not necessarily yield any data on the time resolution 
since the displacement to later times of a very slowly falling transmission 
curve would allow more energy to pass and thereby increase the brilliance 
and observed length. But the observed change in both form and detail cer- 
tainly requires a time resolution of the order of 4X10~° sec. or less. This agrees 
with the theoretical estimate of 3 to 4X10~° sec. made from Fig. 13 for some- 
what similar conditions. 
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Fig. 15. Effect of variation of the distance of the reservoir condenser from the spark gap 
on observed luminous energy of the central region of breakdown. Shown for two times of cut- 
off: tp =0.7 and 2.0 X10~° sec. (Chain curve is computed effect for tp =0.7 X 1079 sec.) 


Second class. 


The results of a photographic study giving directly the times of extra- 
polated cut-off for two path times are presented in Fig. 15. If the intensity 
of the central region of a spark such as in Fig. 14 is observed at a given path 
time it will be found to vary with the distance of the reservoir condenser 
(C, Fig. 2) from the gap. If this condenser is removed entirely the only 
electrical energy available to maintain a voltage across the gap is the charge 
stored on the electrodes and on the adjacent connecting wires. During break- 
down this will feed into the gap, there resulting a certain rather rapidly 
falling voltage-time relation and a corresponding intensity-time curve for 
any given point in the gap. If the reservoir condenser is now placed at a 
moderate distance from the gap, everything during breakdown proceeds as 
before up the old time ¢, at which the energy from the condenser begins to 
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feed into the gap. Assuming the speed of propagation along the connecting 
wires is that of light, ¢, is given by 


2 X (length of a connecting wire in cm) 
t. = —————- (14) 
3X 10!° 


since the wave must go to the condenser and back. From this time on (at 
least for a certain period) the voltage on the gap is higher than formerly, 
there being more energy fed in, and as a consequence the light intensity at 
the given point is also greater. If ¢, is greater than the extrapolated time of 
cut-off (effective time scale), there will still be no observed increase of in- 
tensity since the shutter is closed before the increase occurs; but if the con- 
denser is now moved towards the gap a point will be found on the near side 
of which there is a continuous increase of intensity. This point corresponds 
to the condition of equality between ¢,. and the extrapolated cut-off time. 

The procedure experimentally was to move the condenser step by step 
from a point as close as feasible to a distance as great at 10 or.11 meters, 
taking a composite photograph of the spark at each step. This series of 
photographs (negatives) was photometered and the density recorded of the 
given point in the gap (chosen as approximately the center of the central 
bright region, see Fig. 14). These densities were then translated into relative 
energies by a density energy curve, the latter being obtained from series of 
composite pictures taken through diaphragms of various sizes, the number 
of exposures on each composite being kept constant, to eliminate any inter- 
mittency effect. The averaged results of four runs for each ¢t, (two taken with 
the condenser moving away from gap, and two vice versa) are shown in Fig. 
15. There is seen to be a definite point of inflection which point determines 
the effective time of cut-off. 

That the shape and position of the transmission curve for t, =0.7 X 107° 
sec. given in Fig.12 is substantially correct was proved in the following 
manner. A rate of voltage fall (i.e. a value of m) was chosen for this curve 
of Fig. 12 so that with the other constants corresponding to the condition 
t, =0.7, there resulted a theoretical transmission curve with an extrapolated 
cut-off time of 10.3 X10~® sec. (see Fig. 8). Then assuming that the increase 
in instantaneous intensity produced by the condenser energy beginning to 
feed into the gap is linear with time and is zero at the time ¢,, a series of such 
AJ curves was drawn, the curves being parallel with feet at times correspond- 
ing to various ¢, times. The product of ordinates of any one AJ curve with the 
transmission curve gives the transmitted AJ curve, and the area under it is 
proportional to the transmitted increase in energy. The plot of these areas, 
reduced to a comparable scale, gives the chain curve of Fig. 15, which is seen 
to be almost coincident with the experimental curve including the location 
of the inflection point. This is a fairly good check on the steepness of the 
calculated transmission curve since a steeper cut-off would give a more 
rapidly rising chain curve and vice versa. The uncertainty in the check is the 
rate of increase in AJ. It also constitutes a double check on the rate of fall 
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of voltage chosen in the foregoing manner, since not only does the rate of 
fall determine the location of the inflection point but also the steepness of 
the transmission curve (see Fig. 7 and “Time to Close,” Fig. 8). 

That the extrapolated time of cut-off obtained as previously described by 
drawing a straight line through the transmission curve at a slight angle to its 
front (see Fig. 12) corresponds to the effective time of cut-off as given ex- 
perimentally by the point of inflection of the curves of Fig. 15 is proved as 
follows: a new computation of the relative energy increase is made exactly as 
before but using this straight line instead of the computed transmission 
curve. If the straight line is slightly tipped as shown in Fig. 12, the inflection 
point of this last energy increase curve can not be distinguished from the 
former (chain curve). This is to be expected from the fact that the additional 
energy passed by the tail of the transmission curve is proportional to the 
product of two small quantities and is therefore a quantity of the second 
order. However, this result is not to be interpreted as meaning that the tail 
of the transmission curve can be neglected in general, since the fofa] energy 
passed by. it is proportional to the product of a small and large quantity 
(the total intensity) and hence is of the first order, though usually smali. 

The possible existence of an error in the foregoing method for determining 
the effective time of cut-off should be mentioned. It is possible that an 
appreciable time lag exists between the beginning of the voltage change on 
the gap due to the condenser wave and the beginning of the intensity change 
due to it, the lag being due to a time interval between excitation and emis- 
sion. However, the close agreement between the chain and experimental 
curves of Fig. 15 seems to indicate that the lag is small, that is, it would be 
of the order of 10~° sec. rather than 10-8 sec. For example, if the lag amounted 
to even 5X10~° sec. the time to close (calculated) would be increased to 
1.6 times its former value, and the resulting chain curve would be much too 
straight to fit the experimental curve. It is still possible though that the 
shape of the actual AJ curve would compensate for this. However, the re- 
duced time resolution weighs against this, as does the change in the time of 
cut-off with inductance considered in the next paragraph. A second possible 
source of error is from the fact—as pointed out before—that the manner of 
the latter part of the voltage collapse is effected by the position of the reservoir 
condenser. The increase in voltage occurring when the condenser energy be- 
gins to feed in is probably temporary and followed by a more rapid drop 
due to the increased conductivity. This drop might even make the voltage 
less at later times than before, so that the net result on the shutter action is 
problematical. In any case the experimental data sets an approximate lower 
limit to the effective time of cut-off. 

A further check on the theory is found in the movement of the effective 
cut-off (Fig. 15) with an increase in inductance, or ¢,. The effective times of 
cut-off as obtained from Fig. 15 are 10.3X10~-° sec. at t, =0.7 X10~° sec. 
and 13.5 X10~° sec. at t, =2.010~* sec. These are to be compared with the 
extrapolated times of cut-off of the curves of Fig. 12 which were computed 
for the same conditions. It is to be recalled that the rate of fall of voltage 
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for the given spark condition was determined in Fig. 12 by picking that 
rate for which the ¢, =0.7 curve gave an extrapolated cut-off time in agree- 
ment with the above experimental value of 10.310~* sec. (see Fig. 8). 
Then using this rate of fall—the rate should be reasonably independent of 
the shutter adjustment—the curve for ¢, =2.010~* sec. was computed and 
was found to have an extrapolated cut-off time of (14.0—0.5) or 13.5 107° 
sec., In exact agreement with experimental data. This perfect agreement is 
probably accidental. All experimental results were completed before the 
theoretical calculations, and the accuracy of neither is sufficient to lead to 
quite such close agreement. However, the agreement constitutes another 
good check on the correctness of the theory and the rate of voltage fall used, 
for faster rates of fall give smaller changes in cut-off time and vice versa for 
slower rates. For example if the voltage required 28.5 X10~*° sec. to fall to 
20 percent, instead of 14.3X10°-° sec. as above, the change in the extra- 
polated cut-off time would be 3.7 X10~° sec. Further data from this example 
are of interest in considering the possible error discussed above. The extra- 
polated cut-off time for this example is 15.5 X10~° sec. instead of the former 
value of 10.3 10~-* sec. Hence the example corresponds to a possible excita- 
tion lag as discussed above of 5.210~° sec. The extrapolated time to close 
is 8.4X10-* sec. as compared with the former 5.1X10~° sec., a 65 percent 
increase. This would increase the theoretical estimate of the time resolution 
to about 5 or 6 X10°° sec., which is to be compared with the experimental 
data indicating something less than 4X10 * sec. 


Third class. 


Another check on the theory was made as follows: a change in the err 
cell capacity was effected without changing the optical constants of the 
original cell by connecting a second cell across the first, using very short 
leads. The second cell thus functioned only as a capacity, providing an in- 
crease from 14.7 X10-" farads to 34.2X10-". The best damping resistance 
for the larger capacity proved to be the same as that for the smaller. The spark 
breakdown was observed visually first with the smaller capacity and with 
t, =(0.7—2.0) X10°* sec., (i.e. using the longer or mirror optical system— 
see Fig. 2—with an additional light path of 2X10~*° sec.). With the larger 
capacity the light path had to be increased an equivalent of 2.4X10~° sec. 
(average of 10 readings) to obtain the same stage of development as before, 
which means an increase in the effective time of closing of that amount. 
The increase measured in this manner is not exactly that of the extrapolated 
time of cut-off but a sort of mean displacement of the transmission curve 
(in this connection study the 77 curves of Fig. 13). The calculated trans- 
mission curves for these two capacities are given in Fig. 11. The mean dis- 
placement between them is 2.2 X10~° sec., which agrees well with the meas- 
ured value of 2.410~-° sec. At larger values of ¢,, the measured increase in 
lag is much greater. For example at ¢, = 16X10~°, it is9X10~* sec. 

The best damping resistance for any given shutter arrangement must be 
determined experimentally. The experimental data on which it was deter- 
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mined for the two conditions ¢, = 0.7 and 2.0 10>" sec. are shown in Figs. 16, 
17, and 18. For any given ¢,, the photographic method is to take a series of 
composite pictures with various damping resistances. The photometered 
curves of a few of these at ¢, =0.7 X10" sec. are given in Fig. 16. Visually 
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Fig. 16. Photometer curves showing energy distribution observed in gap at f, =0.7 X10°° sec. 
for various damping resistances. 


this stage of development (with resistance around 35 ohms) appears about 
the same as the left figure in Fig. 14. It is to be noted that visually the bright 
regions (center and cathode) appear another order of magnitude brighter, 


a 


tp 07:10 ‘sec 


ENERGY — (ARBITRARY UNITS) 


|e 


caTHODE minimum 
_ 


ANODE MINIMURT 
= 





——9»— -— 





OPTIMUM VALUE OF 
RESISTANCE * 35 ONMS 





so 7s 100 2s 150 75 200 OHMS 





Dameinc Resistance in Kerr Cert Leaos 


Fig. 17. Effect of varying the damping resistance on the luminous energy at three critical 
points in the gap (see Fig. 14). tp =0.7 X 10-9 sec. 


relative to the anode region, than the energies as read from the photometer 
curves would indicate. Discussion of this with Professor R. S. Minor of the 
optometry department indicates that it is probably due to an overshooting 
of the brightness sensation, which phenomenon increases rapidly with 
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energy. Considering the fact that in the development of this type of break- 
down the central region first connects with the cathode and much later with 
the anode, or expressed differently, since the rate of intensity increase is 
rapid in the cathode minimum region and quite slow in the anode minimum 
region, it is possible to differentiate in Fig. 16 between variations due to 
changes in the oscillations and changes in the rate of cut-off. Thus the drop 
in transmitted energy between zero and 45 ohms resistance is approximately 
the same at all three critical points (see arrows), namely, about 0.4, and is 
due to a large decrease in oscillation (see Table I1)—the decrease in the 
speed of cut-off being negligible (see Fig.9)—which oscillations pass light 
from the completely developed spark. Further increases in resistance cause 
rapid increases of energy at the cathode minimum but only very small in- 
creases at the anode minimum. This is due to the increasing slowness of cut- 
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Fig. 18. Effect of varying the damping resistance on the luminous energy at three critical 
points in the gap (see Fig. 14). tp=2.0X10~° sec, 


off combined with the relative rates of intensity increase, the decrease from 
oscillations now being negligible. The behavior of the three critical regions 
is more clearly shown by plots of their ordinates as in Fig. 17 (averaged 
data from several runs). If the energy passed by oscillations—equal to the 
difference between the anode minimum curve and its extrapolated straight 
line (dotted)—is subtracted from the other two curves the results represent 
quite closely the effect from zero to 200 ohms of the slowing down of the 
speed of cut-off with resistance. It is apparent that the net result also de- 
pends on the rate of intensity increase. The optimum value of resistance 
was chosen as that at which the anode minimum curve first falls substan- 
tially to its minumum, namely 35 ohms. The visual effect of small energy 
changes in this anode region is more evident than several times the same 
energy change in the central region, due probably to a saturation effect from 
the brilliance of the latter. 


% Broca and Sulzer, Jour. d. Physiol. et d. Path. Gen. No. 4, July 1902 quoted in “Light 
and Work” by Luckiesh, p. 167. 


FRANK G. DUNNINGTON 


Fig. 18 shows a similar set of curves for t, =2.0X10~° sec., the optimum 
resistance value was chosen as 120 ohms. This is 17.2 percent of the critical 
resistance while the 35 ohms at t, =0.7 X10~° sec. is only 7.7 percent of the 
corresponding critical resistance. If the period of the shutter circuit were 
infinitely short, the shutter would exactly follow the control voltage and there 
would be no oscillations, hence no need of any damping resistance. As the 
period is lengthened, the tendency to oscillate increases, hence the required 
percentage of the critical camping resistance 2(//c)'? also increases. 

Data can be obtained from Fig. 17 and 18 to check roughly the assumed 
intensity curve of Fig. 13. With the optimum damping resistance, the maxi- 
mum energy of the central region is 2.00 for t, =0.7 and 2.65 for t, = 2.0, the 
ratio of the first to the second being 1.33. The ratio of the energies repre- 
sented by the 77’ curves of Fig. 13 is 1.64. This means that the intensity 
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Fig. 19. Increase in shutter lag with path time of cut-off, relative to the lag at tp =0.7 X 10-® 
sec. Data taken at a gap length of 5 mm and a pressure of 76 cm of Hg. 


curve was assumed to rise a little too rapidly beyond say 5X10-° sec., or 
that the part of the curve to the left of 5X10-* sec. was assumed too low 
(i.e. the whole curve might be displaced upward a little). 

Since the effective time of cut-off increases more rapidly than the path 
time of cut-off, a correction curve is needed which can be used to correct 
the path times for their increase in lag relative to an arbitrarily chosen time. 
Such a curve is given in Fig. 19 for the spark conditions given at the beginning 
of this section, that is for a pressure of 76 cm Hg and gap length of 5 mm. 
The curve gives the increase in the effective time of closing relative to that 
at t,=0.7X10~° sec. Thus at ¢, =2X10~° sec. the time of closing is (2—0.7 
+1.2) or 2.5 10° sec. later than that at t, =0.7 X10~° sec. It is of interest 
to note the agreement of this value with that from the two corresponding 
theoretical curves of Fig. 12. The change in the effective time of closing as 
judged by their mean time displacement is 2.4 X 10~° sec. The increase in the 
correction is seen to be rapid at first, then less rapid as the shutter circuit 
conditions go over into those which must be treated as a transmission line. 
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The curve was obtained through use of the second or longer optical system 
(see Fig. 2). For example, if t, is made 6X10-° sec., an increase of (6—0.7) 
or 5.3X10~° sec., and an increase in the light path equivalent to 9.3 x 10-° 
sec. is required to compensate, then the increased lag at t, =6X10~° sec. is 
(9.3 —5.3) or 4.0 10-° sec. 

In summary it may be said that the experimental data given in the fore- 
going provide many interlocking checks on the theory presented in Part II. 
The most important of these are: the agreement between the theoretically 
estimated and experimentally determined time resolution; the correctness of 
the general shape and position of the calculated transmission curves as in- 
dicated by the agreement between the chain curve of Fig. 15 (based on one 
of these calculated transmission curves) and the corresponding experimental 
curve of the same figure, and also as indicated by the agreement between 
calculated and experimental data as to the time movement of these curves 
with changing inductance and capacity; the above agreements also provide 
a check on the rate of voltage collapse of the spark gap as determined by the 
method given which involves both experimental data and the theory. 


Part IV. DESIGN AND TECHNIQUE 


The general form of the Kerr cell developed in the present study is shown 
in Fig. 20. The body T was made of Pyrex tubing, the brass plates P were 
supported by heavy tungsten leads L sealed into the glass. The windows 
WV are described later. The reservoir chamber R provides a means of com- 
pletely filling the cell proper with liquid as well as an air cushion to take 
care of temperature expansion. 


























Fig. 20. Form of Kerr cell, showing end view and longitudinal cross section. 


The size and spacing of the plates must first be determined. Both theory 
and experience indicate that the usable voltage range of a cell considering 
the factors of intensity, quickness of cut-off and extraneous light is that 
which gives an initial field of from 75 to 100 percent of E,, (i.e. the field 
which gives maximum transmission)—or certainly not more than 65 to 110 
percent E,,. Knowing then the maximum voltage Vo (e.s.u.) at which the 
cell is to be used and assuming a plate spacing a (in cm), Eq. (4) gives the 
necessary length / (in cm) toa first approximation: 
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a> 


2b 0" 


(15) 


The width w of the plates together with their separation, determines the 
aperture for light and the electrostatic capacity. A large aperture is desirable 
since greater intensity can be attained (providing the cross section of the 
nicol prisms is not the limiting factor) but this must be made secondary to 
reduction of the electrostatic capacity to a reasonable minimum, as this 
last determines the quickness of cut-off (see Table III). Neglecting the edge 
effect, which may be very large, the capacity mmf is given by 


wl 
C = 0.0885 — (16) 
a 


where k =dielectric constant (about 37* for nitrobenzene), and all dimensions 
are incem, Putting Eq. (15) in this gives 


> 


C = 0.0885——- wa. (17) 
- 0~ 


Thus the capacity can be decreased by decreasing the separation. This also 
decreases the length. The determination of the sise and spacing of the plates 
is therefore a compromise between obtaining the minimum electrostatic capacity 
and maximum usable aperture, and the limiting conditions are respectively the 
maximum field which the liquid will stand and the maximum length of cell 
which can be used without certain optical troubles, especially distortion, becoming 
pronounced. 

As an example the dimensions will be given of the cell used as an illus- 
tration in the present study. They are: plate length 1.0 cm, width 1.2 cm, 
separation 0.5 cm. This cell had a V9 of approximately 16.4 kv and a meas- 
ured capacity of 14.7 mmf. 

If the mean electric field is in the region of the breakdown value (for 
nitrobenzene a variable depending on degree of purity but of the order of 
45,000 volts/cm or higher) it is essential that the edges of the plates be 
rounded. However, rounding the edges of the plates destroys the accuracy 
of Eq. (3) so that Ey can not be calculated. 

The windows of the lerr cell have presented more or less trouble. There 
are two essential requirements: the surfaces of the windows must have a 
very high degree of planeness and be parallel to the same degree; and second, 
the glass must be strain free. The first requirement results from the large 
prismatic action by the nitrobenzene on all irregularities in the outer window 
surfaces and the consequent blurring of detail in the image; the second 
requirement is apparent from the location of the cell between crossed nicols. 
The best solution found is the type of plate glass used in making shatter- 
proof windshields. It can be obtained in } inch sheets, and satisfies the first 


* International Critical Tables, Vol. IT, p. 89. 
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requirement perfectly. It is not strain free, but specimens can be found in 
which the degree of strain is very slight. The only other glass found that 
was of sufficient planeness was that in a selected lot of plano-ophthalmic 
lenses. The average plano lens produces a complete blurring of all detail 
due to the surface irregularities. 

The windows are fastened to the body of the cell by water glass (sodium 
silicate). Before filling with the liquid the cell should be thoroughly baked 
out (at a temperature below that which will cause dehydration of the sodium 
silicate) to remove all the moisture possible. The cell should be sealed off 
after filling. The use of water glass has proved rather unsatisfactory due 
to its contamination by moisture of the liquid used. A search is being made 
for a better substance. 

The most important part of the Kerr cell is the liquid used in it. Since 
nitrobenzene has a far greater Kerr constant than any other known sub- 
stance, it alone will be considered. As purchased commercially, it is in an 
exceedingly impure state. To obtain a substance pure enough to function 
at all satisfactorily the liquid should be treated with a weak base such as 
aluminum or calcium oxide to remove acids and then distilled very slowly in 
vacuum (retaining the middle third), during which process the water vapor 
should be frozen out with liquid air. A far superior product results if the 
distillation is repeated a second time. 

Experimentally the effect of impurities in the nitrobenzene are quite 
evident since they seem to cause a slowing down of the speed of closing of 
the electrooptical shutter. This is especially evident in the increase of the 
extraneous light when the early stages of a spark breakdown are being ob- 
served. The effect visually is striking. For example, with a gap of 5 mm at 
atmospheric pressure and t,=1X10~* sec. the region consisting of the 
anode third of the gap appears almost dark in comparison to the bright 
central region when sufficiently pure nitrobenzene is used. With an impure 
sample, any degree of luminosity up to about a third or half that of the 
central region can be obtained depending on the amount of impurity. A very 
slight trace of moisture destroys the quickness of cut-off, hence the con- 
ductivity of a cell seems to be a fairly good indication of the performance 
that may be expected of it. The conductivity of pure nitrobenzene is given 
by Miller" as 7X10-" mhos/cm*. The conductivity of the nitrobenzene 
used in this study was not measured after its distillation. However, in a cell 
a year old that was still performing satisfactorily it was 2.5 X10-" mhos/cm* 
and in one passing a large amount of extraneous light it was 1.2X10-°. 

An electrolytic purifying action mentioned by Miller" has been noticed 
throughout the study. Upon the application of a direct current voltage there 
is a sudden rush of current. This will drop back to a steady value in a few 
seconds if the liquid is reasonably pure. If, however, it requires a minute to 
several minutes the cell will be found to have a poor cut-off. It has been 
found that even with a cell in which the nitrobenzene is reasonably pure there 
is considerable extraneous light passed if the cell is operated during the two 
or three seconds required for the electrolytic purification. This peculiarity 
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must be considered in photographic work. Erroneous results are avoided by 
first holding the potential slightly under the breakdown value for a sufficient 
time. 

A factor of major importance is the adjustment of the damping resistance 
of the Kerr cell circuit to the optimum value. Since the correct value can 
not be exactly calculated with our present knowledge, the adjustment must 
be made experimentally. The adjustment is a compromise between the con- 
dition of no resistance which gives the quickest possible cut-off but large 
amounts of extraneous light and the condition of critical damping which 
eliminates all oscillations but causes a very slow cut-off. It can be made 
photographically in the manner described in Part III, or visually with some- 
what less accuracy by studying the same intensity changes considered in 
Fig. 16 and 17. 

The correct resistance must be obtained for each Kerr cell and for each 
length of leads to it, the value for short leads being normally between 5 and 
25 percent of the critical resistance. For exact work, the adjustment should 
be made at the pressure and gap length to be subsequently used as the rate 
of fall of the spark gap voltage varies with gap length and pressure and hence 
the necessary damping resistance also varies (see Table II). It is hardly 
necessary to say that the damping resistances must be distributed linear 
resistances symmetrically spaced, a half on either side of the cell. An assort- 
ment of chromel high resistance wire was used in the present study with 
resistances as high as seven ohms per cm. At the frequencies encountered in 
the present work, the radio frequency resistance is almost identical with the 
direct current resistance.* 

There remains to be mentioned one essential experimental condition 
which has apparently been neglected by all previous experimenters. To pro- 
vide a path of variable length between spark gap and Kerr cell, a four wire 
“trolley” with two moveable jumpers is usually used. With such an arrange- 
ment there is normally a considerable length of the trolley system which, 
though not functioning as a part of the path between gap and shutter, is 
nevertheless electrically connected to the circuit. This unused section of the 
trolley causes a large delay in the closing of the shutter. The action is prob- 
ably quite involved but the essential factor is the electrostatic capacity of 
the unused section. This constitutes in effect a condenser connected across 
the mid-point of the leads to the Kerr cell and which must be discharged 
before the shutter can close. An actual example will illustrate the magni- 
tude of its effect. A four wire trolley with wires 4.5 meters long provided a 
9 meter path from gap to shutter and hence gave a path time of cut-off 
30 X10-* sec. (the light path was so small it can be neglected in this discus- 
sion). The connection of an additional 8 meter section of trolley onto the 
above without moving the trolley (i.e. leaving the path still 9 meters) caused 
a delay in the cut-off of about 12X10~° sec., that is, caused an increase of 


* The values of the ratio r.f./d.c. resistance found by von Hamos (reference 8) are appar- 
ently somewhat in error since what was actually measured was the r.f. resistance of the leads 
plus the effective spark resistance. 
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40 percent in the path cut-off time. A 4 meter section gave a retardation of 
about 6 X10-* sec. An obvious experimental way to avoid the difficulty is 
to divide the trolley into many short insulated sections, and connect with 
short jumpers as many sections as are needed. 


Part V. DIscussION 


The nitrobenzene Kerr cell as developed in the present work has several 
important advantages over the carbon bisulphide cell used in previous work. 
The most important of these is probably the reduction in capacity with the 
consequent faster cut-off. Eq. (17) shows that cells designed for the same 
voltage Vo and having the same aperture for light wa but using various 
liquids will have capacities proportional to the ratio k/b where k is the 
dielectric constant and 0 the Kerr constant. This ratio for nitrobenzene 
is 1.07 X10° and for carbon bisulphide 7.65 10°, thus the capacity of the 
later would be approximately seven times that of the former. Further, the 
length of an equivalent carbon bisulphide cell is approximately 100 times 
that of a nitrobenzene cell since the Kerr constant of nitrobenzene is 100.7 
times greater (see Eq. (15)). Thus the cell equivalent to the one illustrated 
in this paper would have a length of about 121 cm instead of 1.0 cm (the 
edge effect being allowed for). In other words, it is not feasible to build a 
carbon bisulphide cell which will give 100 percent initial transmission for 
voltages less than say 50,000 volts. If the length of the previous carbon 
bisulphide cell is reduced to the usual 12 cm, its initial transmission at the 
rated voltage is reduced by a factor of 1/665. 

It should be mentioned that the results of the theoretical section, Part 
II, are strictly true only for light in a narrow band of wave-lengths near to 
that for which the Kerr constant was chosen (5460A). As seen from Eq. (4) 
the value of the field Z,, which gives maximum (i.e. 100 percent) transmis- 
sion is inversely proportional to the square root of the Kerr constant 0. 
For longer wave-lengths the Kerr constant decreases, hence E,, would be 
larger. For example at 6000A, b has decreased to 3.04 X 10~° and for the same 
voltage the E,)/E,, ratio becomes 0.94. Conversely for a shorter wave-length, 
say 4800A, d has increased to 4.17 X10-5 and Eo/E,, becomes 1.10. The effect 
on the transmission curves can easily be estimated from Fig. 10. The justifi- 
cation for choosing } at a wave-length of about 5500A is that both the eye and 
the photographic plates used are most sensitive in the blue region, further- 
more it is probable that a majority of the visible spark energy is also in the 
blue.® 

It is noted that no account has been taken in this paper of a possible lag 
in the Kerr effect. The existence of such a lag has never been demonstrated 
and its magnitude is probably less than any of the time intervals dealt with 
in this paper.'® 

The complete agreement between the theory here presented as to the 
manner of closing of the shutter and all obtainable experimental data 


16 Beams and Lawrence, Jour. Frank. Inst. 206, 169 (1928). 
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indicates convincingly the general correctness of the former. Further, since 
the shutter action can now be definitely determined, a tool is available 
for the quantitative analysis of the light from very rapidly varying phe- 
nomena. The electrooptical shutter is ideally adapted for the study of spark 
breakdown since the spark itself controls the shutter, but it will undoubtedly 
be adapted to other fields of study possibly by the use of impact instead of 
static breakdown as the source of the controlling voltage. 

In conclusion I wish to thank Professor E. O. Lawrence for many helpful 
discussions and suggestions. I also wish to thank Mr. T. K. Kostko for his 
help in the somewhat lengthy computations involved in the theoretical section. 


Note added in proof: Von Haimos*’ has made the ingenious suggestion 
that two shutters be connected electrically in parallel but arranged optically 
in series to obtain a faster cut-off. The capacity curves c = 7.35 and 14.7 
of Fig. 11 provide a means of estimating how this arrangement would 
function. Assuming two cells with the smaller capacity, 7.35 10- farads, 
the square of the ordinates of the 14.7 curve would represent the net trans- 
mission. The time to close of this squared curve is 4.05X10~° sec. as com- 
pared with 4.4X 10°" sec. for a single shutter, so that the improvement is 
small. However, the light passed by oscillations should be negligible. This 
last would be a decided improvement when making observations at early 
times. 
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ABSTRACT 


With the electrooptical shutter described in the preceding paper a visual and 
photographic study has been made of the manner in which a static breakdown occurs 
in an air gap with an approximately homogeneous initial field. The study covered a 
range of pressures P from 20 to 76 cm of Hg and gap lengths 6 from 1.25 to 10 mm, 
The manner of breakdown for any condition can be told by the product (P"/%5): for 
values less than 11.9 the breakdown starts at the cathode; for values greater than 
11.9 there are two initial breakdown regions, one at the cathode and one out in the gap. 
The exact manner in which the breakdown proceeds is shown and discussed in detail. 
The effect of space charges on the time required for the gap to completely breakdown 
is also shown and a possible arrangement of space charges is suggested which would ex- 
plain the phenomena observed. Data on the rate of voltage fall of the gap are given. 


INTRODUCTION 


N SPITE of the extensive amount of experimental work which has been 

done in the study of spark phenomena, the exact manner in which a gap 
breaks down, that is becomes conducting, has remained unknown. This is 
due not only to the complexity of the phenomena occurring but even more 
to the extremely short times required for this breakdown. Much theoretical 
work has also been done, most of which has been based on the theory of 
Townsend.! A fundamental difficulty encountered has been to explain how 
positive ions at the average fields existing at breakdown can supply a suffi- 
cient number of electrons in the vicinity of the cathode to maintain the dis- 
charge. As pointed out by Loeb? and others the difficulty is undoubtedly due 
to neglect of the distortion of the field caused by space charges. Several in- 
teresting attempts have been made to show more exactly how this distortion 
takes place. Von Hippel and Franck’ in an attempt to explain the short times 
required for impact breakdown postulated a mechanism in which several 
successive electron bursts travelling the length of the gap produce an in- 
crease in field strength near the cathode sufficient to cause the positive ions 
to ionize. For the same problem Loeb‘ postulated a “chain” mechanism in 
which, under the action of a suddenly applied field, the ions existing in the 
gap from natural sources produce space charges in travelling 1 or 2 mm 
sufficient to cause Jocal fields large enough to result in ionization by positive 
ions. Schumann,® considering static breakdown has made a more exact solu- 


' Townsend, Electricity in Gases, Oxford, 1915. 

2 Loeb, Jour. Frank. Inst. 205, 305 (1928); also Science 69, 509 (1929). 
* Von Hippel and Franck, Zeits. f. Physik 57, 696 (1929). 

* Loeb, Science 69, 509 (1929). 

® Schumann, Zeits. f. tech. Physik 11, 58, 131 and 194 (1930). 
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tion of the differential equation connecting the ionization processes and has 
shown that the dark currents immediately preceding breakdown can pro- 
duce large distortions of the field, the field at the cathode being increased 
and that at the anode reduced. This would lead one to expect the breakdown 
to start at the cathode and proceed toward the anode. Schumann also showed 
that the magnitude of the field distortion should increase with gap length 
and with pressure. A limitation to this, as well as other mathematical theo- 
ries, is that they are valid only during the dark stage of the breakdown and 
do not apply to the stage in which an actual conducting filament is forming. 

Realizing the lack of any experimental basis upon which a more complete 
theory could be built, this experimental investigation was undertaken to 
determine, if possible, the exact manner in which a gap does break down, 
that is, whether the conducting filament builds out from the cathode as 
indicated above, or proceeds in some other manner. The investigation was 
confined to a study of static breakdown in air. Simultaneously with it a 





Fig. 1. Diagram showing electrooptical shutter with high voltage supply for spark gap. 


study of impact breakdown has been made by von Haimos.’ The present 
work has been in progress since the publication of a previous paper’? which 
recorded the results of a study of both the form and spectrum of sparks 
during stages after a conducting filament has formed across the gap. 





APPARATUS 


The only feasible method of experimental attack seemed to be the optical 
one using the electrooptical shutter. However, the electrooptical shutter 
as previously used by the author’ and others did not yield results. It was 
seen that considerably more knowledge regarding its manner of action was 
needed before satisfactory results could be obtained. Such a development 
was undertaken, the results of which are given in the paper preceding this 
one. Reference is made to it for the theory and technique employed in utiliz- 
ing the shutter in this study. 

A diagram of the electrical and optical essentials of the apparatus is given 
in Fig. 1. The diagram shows the electrooptical shutter as described in the 
preceding paper together with the source of high voltage d.c. (0—20,000 
volts). The alternating current supplied to the transformer 7, (1 kw, 25,000 


6 Von Hdmos, Ann. d. Physik 7, 857 (1930). 
7 Lawrence and Dunnington, Phys. Rev. 35, 396 (1930). 
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volts) was rectified by the kenetron K and filtered by the large filter con- 
denser C, (0.024 mf). The spark gap SG was fed directly from the smaller 
condenser C, (0.008 mf). Upon breakdown, the discharge of the latter through 
the gap was aperiodic due to the slight overdamping of this circuit by the 
distributed linear resistances R; and R, (25 ohms each). The length of each 
lead connecting C, with SG was 75 cm, which means that the energy from 
the condenser began to feed into the gap 5X10~-° sec. after the beginning 
of the breakdown. The automatic recharging of C: from C; required possibly 
a tenth of a second due to the high resistances R; and R:z (400,000 ohms each). 
The magnitude of the voltage impressed on the gap could be controlled by a 
potentiometer input to the primary of 7; (not shown). The frequency of 
breakdown of the spark gap was controlled by a vernier adjustment of the 
voltage input, an increase in the voltage causing an increased frequency of 
breakdown, since the time lag is an inverse function of small overvoltages. 
All photographic work and part of the visual was done with essentially no 
overvoltage, the frequency of breakdown being quite erratic but averaging 
about 30a minute. The other visual work was done with a frequency of about 
60 to 120 a minute to give a fair persistance of vision, and required over- 
voltages less than a half of a percent. When possible such observations were 
checked at no overvoltage. 

The spark gap SG consisted of two brass spheres of 4 cm diameter. These 
provided a fairly homogeneous field, the ratio of the maximum to the mini- 
mum field being 1.034 with a 2 mm gap and 1.173 with a 10 mm gap. The 
use of larger spheres to give a greater homogeneity made observation and 
photography difficult due to the large sidewise movement of the spark. The 
spheres were mounted in a glass chamber, the distance between them being 
varied by a screw feed working through metal bellows. The electrodes could 
be removed readily and were polished and cleaned with alcohol frequently. 
To provide constant experimental conditions, absolutely dry air was supplied 
to the spark chamber through a conventional drying system. Before each 
run, the system was pumped down for an hour or more at a pressure of about 
10-5 mm of Hg. Liquid air traps on inlet and outlet sides of the spark chamber 
insured the absence of all vapors. 

An essential auxiliary apparatus was a quartz mercury arc, the light 
from which was focused on the cathode of the spark gap to provide a con- 
tinuous supply of photoelectrons. Since a perfectly black background is 
necessary for the observation of the faint early stages of the spark, all visible 
light from the arc was removed by use of a large quartz prism. 

Another auxiliary apparatus was a specially constructed voltmeter to read 
the potential applied to the gap. A short period galvanometer, shunted to 
reduce its sensitivity to a full scale deflection (50 cm) at one milliampere, 
was placed in series with a twenty megohm resistance, the whole apparatus 
completely shielded and connected directly across C,.. Normally the volt- 
meter was disconnected after the breakdown potential had been measured. 
This allowed much better control of the voltage and left no steady current 
drain from C, and C; to cause a slight voltage ripple. 
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EXPERIMENTAL RESULTS 

Preliminary results giving the type of breakdown at various combina- 
tions of pressure and gap length indicated the necessity of a comprehensive 
survey of the manner of breakdown over a range of pressures and gap lengths 
in order that the way might be paved for a general understanding of the 
phenomena. Such a survey was undertaken over a range of pressures from 
20 to 76 cm of Hg and for gap lengths from 1.25 to 10 mm. The range of the 
survey was also limited by the breakdown voltage, no condition being 
studied with a breakdown voltage below 3,500 volts or above 20,000 volts. 
The results are presented in Fig. 2. Each rectangle shows the step by step 
development of the spark at the pressure indicated at the left and the gap 
length below. The polarity is indicated at the right. The number at the top 
of each spark gives the time at which the shutter began to close as measured 
from the beginning of the voltage drop on the spark gap (i.e. these numbers 
are path times—see Part I of the preceding paper). At the time this survey 
was made it had not been found possible to photograph single sparks, hence 
the results shown are very carefully made pencil drawings. Each drawing 
was made directly after observation and was checked many times in order 
that it would accurately represent a typical spark. The length of each spark 
has been drawn the same, no matter what the actual gap length, so thatthe 
change in scale must be allowed for. 

In general it is seen that the manner of breakdown varies continuously 
with both gap length and pressure. The expectation that the breakdown 
would start at the cathode and proceed across to the anode is seen to be 
fulfilled for sufficiently short gaps or sufficiently low pressures. The pre- 
dominant role played by space charges is evident from the discrete regions 
of initial breakdown. The increasing effect of these space charges is noted as 
the gap is lengthened and the pressure increased, inasmuch as the initial 
breakdown region separates from the cathode and moves farther and farther 
out into the gap. Under such conditions there are two initial regions of break- 
down: one out in the gap and one at the cathode. Still further increase of gap 
or pressure tends to subdue the cathode region. In all cases there is a third 
distinct region at the anode which appears during later stages of develop- 
ment. The central region always connects with the cathode first and with 
the anode last. 

Before discussing these results further, some points should be mentioned 
which it has been impossible to show in Fig. 2, or which, though shown there, 
should be emphasized: 

Multiple filament. One of the most interesting observations made in this 
study was the multiplicity of the filament frequently seen in the region be- 
tween the cathode and central bright region as the two are connecting. The 
filament there, though frequently appearing single, is many times composed 
of a bundle of intertwined filaments, each apparently representing a different 
electron path. This was noted at all observed pressures at gap lengths of 7 
mm and greater. Another multiplicity was sometimes observed immediately 
in front of the anode as the central region and the quite short anode region 
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began to connect. This multiple region was short and composed of two or 
three fairly well separated filaments. It was noted at medium to large gap 
lengths and pressures. 

Fanning out of early haze. The hazy streak noted before the bright fila- 
ment forms, and which extends from cathode (or the cathode region) to the 
anode, starts from a point at the cathode and widens out as it travels to the 
anode. This is probably due to the mutual repulsion of the electrons. Ob- 
served at medium to small gap lengths and pressures, especially at lower 
pressures. 

Break in filament. A break or discontinuity in the filament was occasion- 
ally observed in the central part of the gap, or more frequently in the region 
between the center and the cathode. The break is probably due to two 
electron paths which have not quite joined together, and indicates that the 
breakdown is not accomplished by electrons travelling the complete length of the 
gap but rather that it occurs in sections. Observed under most all conditions 
but especially when space charges are large. 

Irregularity of degree of development. No two sparks are ever exactly 
alike. Those shown in Fig. 2 are typical. Further the degree of development 
varies somewhat from breakdown to breakdown. Especially is this true for 
short gaps where the rate of development is rapid. 

Intensity of image. The general intensity increases rapidly with increas- 
ing gap length (especially above 4 mm) and somewhat more slowly with 
pressure. This is entirely independent of the variation with voltage of the 
amount of light transmitted by the shutter. The intensity was very high for 
conditions corresponding to the upper right diagonal of Fig. 2 and very low 
along the lower left diagonal. There is a decided increase in sharpness of the 
image at longer gap lengths and higher pressures. Considering the relative 
intensity of various parts of the same image, there is undoubtedly an over- 
shooting of the visual brilliance sensation, which overshooting increases with 
energy. This results in a greater apparent contrast (see Fig. 16 and discussion 
in preceding paper). 

Since the completion of the survey given in Fig. 2, the photographic 
technique has been improved through the use of faster plates so that now 
single sparks can be photographed in a partially developed stage. Fig. 3 
shows a series taken at a pressure of 76 cm of Hg and a gap length of 5 mm. 
The path times are given below each photograph. Two interesting breaks 
in the filament are recorded, one in the sixth picture where a short faint 
filament originates to the left of the end of the main filament and continues 
on to the anode and another in the next picture to the right where the break 
occurred earlier in the growth of the central region toward the anode and 
at the stage recorded has almost closed. It should be mentioned that no 
asymmetry has been observed in the present study in respect to the thickness 
of the filament at the cathode and anode in the later stages after the fila- 
ment is completely across. The asymmetry reported in a previous paper’ was 
apparently due to the shape of the electrodes used (parallel faces with sharp 
corners). 
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It is of interest to consider the relative effectiveness of pressure and gap 
length in increasing space charges and altering the manner of breakdown. 
The solid curve of Fig. 4 represents the condition in which the central region 
is just separating from the cathode region, that is, above the curve there are 
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Fig. 3. Photographs of sparks showing the development of the breakdown. The first two 
are composite photographs, the remainder are single exposures. Pressure =76 cm of Hg, gap 
length =5 mm. Path times are indicated below in units of 10~® sec. 


two initial regions of breakdown and below only one. The curve is not a 
hyperbola since the product (P46) is not a constant. However, as shown by 
the dotted line, the product (P'/%6) is very nearly a constant and equal to 
11.9 if pressure is in cm of Hg and gap length in mm. Thus we may con- 
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Fig. 4. Conditions of pressure and gap length which determine whether or not there is a sepa- 
rate central region of breakdown. 


veniently say that if (P"5)<11.9 there is one initial breakdown region 
and if (P3§)>11.9 there are two such regions. Pressure is therefore less 
effective than gap length in the production of space charges. Space charges, how- 
ever, increase with both, thus confirming Schumann’s prediction.® 
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The movement of the central region (i.e. center of it) out from the cathode 
with increasing gap length is shown for various pressures in Fig. 5. The dis- 
tance from the cathode is seen to increase almost linearly with increase in 
gap length but approximately only 0.6 as fast. The lower end of each curve 
stops at the gap length at which the union between the cathode and central 
region occurs (corresponding to the data of Fig. 4). The validity of the 
product rule determined above may now be further tested, for the (P!%6) 
products of all combinations of pressure and gap length which give the same 
distance of the central region from the cathode should be the same. For 
example consider those which give a distance of 2 mm: the (?''%5) products 
for the five pressures given on Fig. + are, in order of decreasing pressure, 
19.1, 18.8, 18.9, 18.5, 18.2. The maximum deviation from the average of 
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Fig. 5. Distance of the central breakdown re- Fig. 6. Approximate time for development 
gion from the cathode, shown as a function of conducting filament across the gap. 
of the length at various pressure. 





18.7 is only 2.7 percent. Hence the product (P!'%5) may be used as an indica- 
tor of the type of breakdown to be expected from any combination of pres- 
sure and gap length: if the product is less than 11.9 the initial breakdown is 
at the cathode, if equal to 15.5 there is in addition a central region 1 mm 
from the cathode, if 18.7 the latter is 2 mm from the cathode, if 24.0 it is 
3mm, if 29.4 it is 4 mm, etc. 

The last time given in each rectangle of Fig. 2 represents the path time 
at which the filament first appears to be developed completely across the 
gap. A plot of these times as a function of the gap length is given in Fig. 6 
The increase of time with increasing gap length is almost linear for short 
gaps, then there is a break, beyond which the time is nearly constant. The 
interesting fact is that this break occurs in each case at just that set of con- 
ditions at which the central region begins to separate from the cathode. 
That is, the break occurs at the conditions corresponding to any point on the 
curve of Fig. 4. These conditions have been indicated by arrows on Fig. 6 
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This means that for gap lengths beyond this break-point the increased space 
charges produce an increase in field strength just sufficient to speed up the break- 
down so that, in spite of the longer gap, the breakdown is completed at about 
the same time. The increase in time with decreasing pressure, the gap length 
being held constant, should also be noted, the increase being especially 
rapid below a pressure of 45 cm. This increase is to be expected both from 
the decrease of space charges with decreasing pressure and also the decrease 
in the ionization coefficients. 

The effect of the distance of the reservoir condenser (C2, Fig. 1) from the 
spark gap has a marked effect on the rate of development of the breakdown. 
Thus with a pressure of 76 cm of Hg and a 5 mm gap, the path time for 
development completely across with the condenser 75 cm away is 1610~° 
sec., while if the condenser is 300 cm away 22 X10~° sec. are required. Further 
the intensity of the filament is much less in the latter case in spite of the 
later time. In relation to the variation of the intensity at a given stage of 
development, see Fig. 15 of the preceding paper. 

The effect of ultraviolet light on the cathode should be mentioned. No 
detailed study was made, but in general the breakdown without the ultra- 
violet light was very irregular in form. For instance, in a breakdown nor- 
mally having a distinct cathode and central region at a certain stage, the 
two regions are frequently completely joined together and this single fila- 
ment may extend beyond where the central region would normally be, or it 
may end short of where the normal central region would be. This indicates 
that the space charges built up by the steady photoelectric current just prior to 
breakdown have a considerable influence on the manner of breakdown. This is 
also shown in the well-known increase in breakdown potential when the 
ultraviolet light is removed. The results of Masch$ on this point were checked 
in order of magnitude. Thus at atmospheric pressure the increase with a 3 
mm gap was about 0.4 percent and with a 5 mm gap about 3 percent. 

The effect of overvoltage is quite similar to that of the removal of the 
ultraviolet light in both the irregularity of the breakdown and the behavior 
of the central region. The development is usually somewhat more complete 
at any given time of cut-off. 

Oxidation of the sparking surface of the electrodes which gradually occurs 
during a number of successive breakdowns produces almost exactly the same 
effect as removal of the ultraviolet light when the electrodes are clean. This 
is probably due to the fact that the photoelectric effect from the oxide sur- 
face is very small or nil. Hence when the spot on the cathode has become 
completely oxidized and of sufficient size there is no longer an appreciable 
number of photoelectrons crossing the gap in the region of the highest field 
strength. The breakdown then becomes both irregular in time as well as in 
form and requires a slightly higher potential. 

There remains one important point, namely the interpretation of the 
path times given in Fig. 2 and 3 in terms of actual times at which the stage 
of development recorded took place. In Fig. 19 of the preceding paper an 


8 Masch, Archiv. f. Elektrotechnik 24, 561 (1930). 
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experimentally determined correction curve was given for the increase in 
lag of the shutter relative to that at the time ¢, =0.7X10~° sec. This curve 
applies for a pressure of 76 cm of Hg, a gap length of 5 mm and the particular 
Kerr cell used (capacity = 14.7 X10~-" farads). In Fig. 15 of the same article 
the effective time of complete closing for the same set of conditions was 
found to be 10.3 10~° sec. However, in Fig. 13 giving the computed closing 
curve 7, for the same conditions and an assumed intensity increase J, it is 
seen from the transmitted light curve 77; that the stage of development 
would be about that at 7X10~° sec. The actual time ¢, corresponding to any 
path time /, can now be computed as follows: 


ts = [7.0+ (t, — 0.7) + Lp] X 10-® sec. 


where L, is the increase in lag as obtained from Fig. 19. The accompanying 
table gives the results: 





Path time tp = 0.7 2 4 6 8 10 12 15 18 X10~° sec. 
Actual time t, = 7.0 9.5 13.0 16.2 19.1 21.8 24.3 27.9 31.5X10~° sec. 

















As indicated before these results are for the set of conditions: pressure = 76 
cm of Hg, gap length=5 mm and Kerr cell capacity = 14.7 X10-" farads. 
A rough determination of the correction curve with the same Kerr cell but 
with a pressure of 37 cm and a 10 mm gap gave a curve substantially the 
same but lying slightly above. Time and the magnitude of the task pre- 
vented the obtaining of the actual times for other conditions. In general the 
actual time corresponding to any given path time will increase slowly with 
increasing length of time for completion of the filament across the gap (effect 
of rate of voltage fall on tap—see Fig. 8 of preceding article) and will in- 
crease more rapidly as the breakdown voltage is reduced (effect of increasing 
capacity of Kerr cell necessary at lower voltages—see Fig. 11 of preceding 
article). In making the survey a group of Kerr cells was used having ca- 
pacities varying from 10 to 50 X10-" farads. 





























DISCUSSION 





The most outstanding feature of the results of this study is the demonstra- 
tion of the predominant role played by space charges in influencing the 
manner of breakdown. No theoretical treatment or explanation of these space 
charges will be attempted here but the following simple and very approxi- 
mate suggestion as to the probable distribution of charges in the gap may be 
of interest. Application of Gauss’ theorem to a differential length of a tube of 
force in an electric field gives the well-known result that the field gradient 
dE/dx at any point x is proportional to the charge density p at the point. If 
now, the assumption is made that the field strength existing in the first stage 
of breakdown—that is, at the time the initial breakdown regions begin to ap- 
pear—is approximately proportional to the luminous energy distribution, the 
upper curves of Fig. 7 are obtained. The group (1) corresponds to a break- 
down such as that at a pressure of 76 cm and a gap of 4 mm, the group (2) 
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tu a breakdown such as that at a pressure of 20 cm and a gap of 4mm. The 
average field E is indicated by the dotted lines. Using these E curves and 
the mathematical relation stated above, the space charge curves given in the 
lower half of Fig. 7 result. In the two region type of breakdown there are seen 
to be three major space charge regions, two being positive and one nega- 
tive, while in the one region (cathode) type of breakdown there is only one 
major region, it being positive and of irregular strength. In both cases there 
is probably a small negative charge in front of the anode. Comparison of 
the two density curves shows that the separation of the central breakdown 
region from the cathode region is due to the appearance of a negative charge 
in the middle of the original long region of positive charge. It is interesting 
to note that the multiplicity of filament frequently observed in later stages 
of the breakdown occurs in exactly the regions occupied by the negative 
charges in Fig. 7. 
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Fig. 7. Approximate field strength and distribution of space charges in the first stage of 
breakdown, (1) in type with cathode and central bright regions, (2) in type with cathode re- 
gion only. 


It is to be emphasized that the assumption on which the foregoing dis- 
cussion is based may or may not be correct. It certainly would not be valid 
for any later stages when a partial filament has formed, for then the field 
would be highest just at the end of the filament (where the intensity is low) 
and lowest in the most completely developed (i.e. brightest) part of the 
filament. The above treatment, if valid, applies to the field and charges which 
produce the first section or sections of the filament. 

Considerable work has been done with the cathode ray oscillograph in 
the study of the manner of voltage drop across the spark gap during an im- 
pact breakdown but as far as is known to the author only one picture has 
been obtained of a static breakdown. This picture, obtained by Rogowski 
and Klemper® indicated that at atmospheric pressure and a breakdown 
potential of 9000 volts (about a 2.5 mm gap) a time of 25 X10~° sec. was 
required for the voltage to fall to about 25 percent of its original value. As 


® Rogowski and Klemper, Archiv. f. Elektrotechnik 24, 127 (1930). 
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mentioned in the preceding paper, this present study gives further informa- 
tion on the rate of fall. At atmospheric pressure and a 5 mm gap, experi- 
mental data combined with theory indicate a voltage collapse to 20 percent 
of the initial value in 14.3X10~* sec. (that at 2.5 mm would probably be 
smaller). An additional study at a 37 cm pressure and 10 mm gap gave a 
time of 28.5X10°° sec. for the voltage to fall to 20 percent. A paper by 
Street and Beams" has just appeared giving potential collapse curves com- 
puted by a new method developed by them. In their results the exact loca- 
tion of the beginning of the voltage break on the gap is indefinite, but estimat- 
ing it as closely as possible their results indicate a time of 21X10°° sec. for 
the voltage to collapse to 20 percent at a pressure of 76 cm of Hg and a 
potential of 17.7 kv (about a 5.4 mm gap). Comparing their potential time 
curve for this condition with that of the author for the same pressure and a 
5 mm gap (see Fig. 6 of preceding paper, m =0.21 X10°), the slope is found 
to be almost the same for voltage values from 80 to 40 percent of the initial, 
but the curve falls more slowly for higher and lower values. Their results 
involve the assumption that the static and impact breakdown values are 
identical under the conditions of their experiment. Hence, the times ob- 
tained by them are equal to or greater than the true values. The time from 
Rogowski and Klemper’s work can be similarly classified, while that ob- 
tained by the author is equal to or less than the true value. Hence, the only 
conclusion now possible is that, at atmospheric pressure and a gap of the 
order of 5 mm, the time for the voltage to collapse to 20 percent of its initial 
value lies somewhere between 14 and 25X10~° sec. The author's results are 
incompatible with a value as large as the latter. 

It should be emphasized that most of the experimental results of this 
paper were possible because it was discovered that the eye is a far more 
sensitive recorder of these extremely short pulses of light than any photo- 
graphic plate. Even in the more recent photographic work, such as shown 
in Fig. 3, much of the detail is lost due to the present photographic limita- 
tions. Photographic studies, if feasible, would of course be far superior to 
visual observations. 

The present study has hardly more than opened up a large field for in- 
vestigation. The work will be continued, with a spectroscopic study of the 
light one of the immediate objectives. 

It is again a pleasure to thank Professor E. O. Lawrence for many helpful 
suggestions. 


10 Street and Beams, Phys. Rev. 38, 416 (1931). 
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THE STRUCTURE SENSITIVENESS OF MAGNETISM 
IN METALS 
By F. E. Lowance Ano F. W. Constant 
DUKE UNIVERSITY 


(Received June 8, 1931) 


ABSTRACT 


The magnetic susceptibility of copper, silver, platinum and bismuth was meas- 
ured for the annealed state and after various degrees of cold work. The cold work 
consisted of twisting, stretching and pounding. In every case the cold work decreased 
the diamagnetism (Cu, Ag, Bi), or increased the paramagnetism (Pt). This probably 
explains the variation in the measured values of metallic susceptibilities as due to a 
structure sensitiveness. This is attributed to the increase in the paramagnetic con- 
tribution of the partly bound electrons of the metal due to the cold work; the electrical 
conductivity is usually decreased. 


T HAS recently been pointed out by Bitter! that there is considerable 

lack of agreement in the experimental values of the magnetic suscepti- 
bilities of certain metals as determined by different observers, and that the 
experimental errors are not nearly large enough to account for these discre- 
pancies. Corrections have even been made for ferromagnetic impurities, with- 
out success. It is concluded that the susceptibility is a structure sensitive 
property. 

The effect of internal strains on the magnetic susceptibility was first 
pointed out by Seeman and Vogt,? who investigated certain Cu-Au alloys in 
both the quenched and annealed states. Honda and Shimizu* have measured 
the effect of high pressures on the susceptibility of copper and silver, and 
Bitter and Foladare stretched wires of copper and silver. In every case the 
susceptibility has been found structure sensitive. This is not surprising, for 
we attribute magnetic properties to the conduction electrons in metals and 
we know that other properties attributed to these electrons, such as conduc- 
tivity, are structure sensitive, and hence we should expect the susceptibilities 
to be too. 

In order to investigate this matter further the experiments of Bitter and 
Foladare were extended. Wires of copper, silver, platinum and bismuth, 
guaranteed of high purity, were secured from Baker & Co. They were from 
20 to 30 cm in length and from 0.77 mm, (in the case of platinum), to 2.00 mm 
in diameter. The susceptibility was measured by the Gouy method,‘ one and 
sometimes two wires being suspended from one arm of a delicate chaino- 
matic balance, sensitive to 1/50 milligram for the light loads used. The scale 


'F, Bitter, Phys. Rev. 36, 978 (1930). 

* H. J. Seemann and E. Vogt, Ann. d. Physik 2, 976 (1929). 
3K. Honda and Y. Shimizu, Nature 126, 990 (1930). 

* See E. C. Stoner, Magnetism and Atomic Structure, p. 40. 
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pans were removed and the weights placed on a paper pan suspended from 
the other arm. The lower end of the wires hung at the center of a solenoid 14 
cm long, core diameter 1 cm, wound with 2900 turns of #19 copper wire. The 
solenoid carried a current of 8 amp., giving a field at its center of about 2100 
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Fig. 1. Twisting-susceptibility curves for Cu and Ag. 
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Fig. 2. Stretching-susceptibility curves for Cu and Ag. 


gauss. The change in weight in grams due to the magnetization of the sus- 
pended wire is given by 


w = kH2A/2 X 980 


where k is the volume susceptibility, JJ the magnetic field and A the cross- 
sectional area of the wire. This amounted to about 0.2 milligrams in the case 
of the copper, which had the smallest numerical value of k. The average of 
six readings was always taken. 
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The mechanical treatment or cold work consisted of twisting, stretching 
and pounding. In every case care was taken not to contaminate the speci- 
mens with small impurities of iron. The twist was measured in radians per 
cm of length, the stretching by the percent change in the diameter. The twist- 
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Fig. 4. Stretching-susceptibility curves for Pt and Bi. 


ing or stretching was increased in successive steps, the latter usually up to 
the breaking point. Figs. 1 and 2 give the results of twisting and stretching 
for the copper and silver, and Figs. 3 and 4 the results for platinum and bis- 
muth (plotted with reference to two different axes of ordinates). The results 
of the pounding are summarized in Table I. 
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TABLE I. The effect of pounding on the magnetic susceptibility. 








Metal 














kX 10° before pounding kX 10° after pounding 
Copper — 1.22 —0.88 
Silver — 1.58 —1.15 
-i2.c i ~_ —9.13 


_ Bismuth : 


In the case of the platinum one wire was twisted until an increase in k of 
20 percent had been obtained, and the wire then annealed at a red heat, 
after which k was found to have decreased to within 2 percent of its former 
value. 

It is evident then in every instance that cold work tends to make the 
susceptibility more positive, that is, to decrease the diamagnetism or increase 
the paramagnetism. This is in agreement with the results of Bitter, Honda 
and others. It was not possible to reverse the sign of k from negative to posi- 
tive, but in each case where successive stages of strain were applied the change 
in the susceptibility approached a maximum or saturation value. This is not 
surprising, for cold work must be regarded as destroying the orderliness that 
exists in the lattices of the individual crystals of which the annealed metal 
is composed, and a certain amount of strain should be sufficient to make this 
lack of order almost complete. 

It has been suggested by Bitter and also by WW. de Haas* that the in- 
crease in k is due to the partly bound electrons. In general there are at least 
two contributions to the magnetism of a metal, (1) the diamagnetism of the 
ions or electrons completely bound to certain atoms, and (2) the predominat- 
ing paramagnetism of the free electrons with their spins, which has been most 
successfully computed by Pauli.® Now it is probably doubtful if the free and 
bound electrons can be regarded as completely distinguishable, but rather 
the free electrons should be regarded as interchanging to some extent with the 
outermost “orbital” electrons, thus giving rise to the “partly bound” elec- 
trons. These latter will have both a diamagnetic and a paramagnetic effect. 
The former may account for the large diamagnetism of bismuth, where cer- 
tain electrons are believed to describe large orbits about a group of atoms. 
The latter comes into play when the outermost orbital electrons come under 
the influence of the fields of electrons in neighboring atoms, and “interaction” 
occurs. This “interaction” has been calculated by Bloch,’ and corresponds to 
Heisenberg’s interaction in ferromagnetism, only when the interaction in- 
tegral, J, is computed, instead of being positive, as is necessary for ferro- 
magnetism, it will be negative for paramagnetism. The susceptibility & varies 
as 1/J, from which it is seen that as the interaction of the partly bound elec- 
trons increases J becomes less negative, and hence & increases in the positive 
sense. 

The effect of cold work is known to increase the mechanical hardness, 
which suggests greater binding or interaction between the atoms. It also gen- 


5 W. J. de Haas, Nature 127, 335 (1931). 
6 W. Pauli, Zeits. f. Physik 41, 100 (1927). 
7™F. Bloch, Leipziger Vortrage, Welleninterferenzen. 
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erally increases the resistance. Both phenomena indicate fewer free and more 
partly bound electrons. It therefore seems most logical to attribute the in- 
crease in the paramagnetism to the same cause. 

It has been suggested® that the effect could be explained as due to a small 
amount of iron in solution in the annealed state, which is precipitated by cold 
work, becoming ferromagnetic. This is not likely in the present case because 
(1) the metals used were Baker and Company’s purest, (2) the annealing was 
done slowly, and (3) the structure sensitiveness was observed similarly for 
metals in which iron is quite insoluble at room temperatures (Cu, Ag and 
Bi)* and for one in which iron is quite soluble (Pt); in fact iron, nickel and 
cobalt are all three soluble in platinum over a considerable range, alloys of 
10°, Ni-90°7 Pt and 10°; Co-90°% Pt having been studied microscopically 
by one of the authors? and found to be solid solutions. Hence no ferromag- 
netic element present in a small degree would be precipitated by cold work. 

It seems therefore most acceptable to regard the structure sensitiviness 
of the magnetic susceptibility as due to the partly bound electrons, the free 
and completely bound electrons being structure insensitive. 


8 A. Kussmann and H. J. Seemann, Naturwissenschaften, 19, 309, (1931). 
® International Critical Tables, Vol. 2, pp 449-455. 
10 F, W. Constant, Phys. Rev. 36, 1654 (1930). 
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THE ENTROPY OF POLYATOMIC MOLECULES! 


By DonaLp STATLER VILLARS 
RESEARCH LABORATORY, STANDARD Ott Co. (INDIANA), WHITING, INDIANA 


(Received July 13, 1931) 


ABSTRACT 

By counting the total number of completely antisymmetric eigenfunctions 
which can be formed from the rotational states, the a priori probabilities of the differ- 
ent symmetry varieties of ammonia (nuclear doublet and quadruplet) and of methane 
(nuclear singlet, triplet and quintet) are derived and used to compute the correspond- 
ing entropies at 298.1°K. The relative proportions of the different varieties at high tem- 
peratures are found to be equal for ammonia and in the ratio of 2:9:5 for methane 
(respectively). The absolute entropy of the mixture of the different forms of ammonia 
is calculated to be 51.5 cal. degree, the virtual entropy (the absolute minus the 
nuclear spin minus the frozen rotational entropy) 44.1; the absolute entropy of 
methane, 50.1, and its virtual entropy 44.2 cal. degree 


HE entropy of diatomic molecules has been extensively discussed* but so 
far no values for polyatomic molecules have yet been calculated according 
to the newer quantum mechanical theories. In thisarticle I shall carry out such 
calculations for two typical gases, ammonia and methane. In molecules such 
as these where there are two or more equal nuclei, symmetry characteristics 


in the latter arise in the eigenfunctions bringing about, since the coupling of 
the nuclear spins with the outer forces in the molecule is very weak, a state 
of affairs where it is impossible for those rotational states which are associated 
with one nuclear configuration to change (by radiation or collision) to states 
associated with another nuclear configuration by any but exceedingly low 
velocities unless catalyzed in a way involving complete separation of the 
similar nuclei and subsequent rearrangement (dissociation catalysts). The 
ordinary gas is thus a mixture of different varieties which are noncombining 
and rarely in true equilibrium except when in the presence of a dissociation 
catalyst or at a high temperature. The application of the considerations of 
Hund* concerning symmetry characters and electronic spins to the problem 
of rotational a priori probabilites and nuclear spins has already been discussed 
in detail‘ in this journal in connection with the specific heats of the different 
symmetry forms of methane and the reader is referred to that article asa pre- 


1A preliminary announcement of the results contained herein was published in J. Am. 
Chem. Soc. 53, L 2006 (1931). Unfortunately certain errors were made then, which are now 
corrected, cf. footnote 14. 

2 (a) Fowler, Proc. Roy. Soc. (London) A118, 52 (1928); (b) Giauque and Johnston, J. 
Am. Chem. Soc. 50, 3221 (1928); (c) Rodebush, Proc. Nat. Acad. Sci. 15, 678 (1929); (d) Villars, 
ibid. 15, 705 (1929); 16, 396 (1930); (e) Giauque and Johnston, Phys. Rev. 36, 1592 (1930); 
(f) Giaque, J. Am. Chem. Soc. 52, 4816 (1930); (g) MacGillavry, Phys. Rev. 36, 1398 (1930); 
(h) Rodebush, Phys. Rev. 37, 221 (1931); (i) Giauque, J. Am. Chem. Soc. 53, 507 (1931). 

3 Hund, Zeits. f. Physik 43, 788 (1927). 

* Villars and Schultze, Phys. Rev. 38, 998 (1931). Hereafter to be designated as V and S. 
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face to the present one. In that work it was decided that there must be two 
different symmetry forms of ammonia (the nuclear doublet and quartet) and 
three of methane (the nuclear singlet, triplet and quintet) just as there are 
two of hydrogen (nuclear singlet—“para”—and triplet—‘“ortho-hydrogen”). 
Basing the work on Hund’s’' symmetry character assignment of the rotational 
terms of ammonia and Elert’s® of methane, we there deduced the a priori 
probabilities for each of the rotational states of methane. (Tabulated in 
V and S, Table IIT). 
ENTROPY 


The general formula? for the entropy of a substance is 
S= Rin Dope"? + E/T (1) 


where /; is the a priori probability of state 7 of energy €; and the other sym- 
bols have their usual significance. It is convenient and customary to split the 
total entropy, S, up into its component parts”, in which case E represents the 
corresponding part of the whole energy. 


Sah 4545, 48048... (2) 
S, is the Sackur-Tetrode translational entropy® 
R In { (2amkT)3/2h-V N-1e5/?} 
— 2.2985 + Rln M*/?7>/2P—! cal. degree“! (3) 


St 


AI being the molecular weight and P the pressure in atmospheres. 

S,is the rotational entropy and, for the polyatomic molecule of the sym- 
metrical top form (three moments of inertia, two of which (A) are equal) is 
given by substituting for the rotational energy levels, €; 


és. = (h2/8r*) [j(j + 1)/A + (1/C — 1/A)2?] (4) 
|r| sj 


and summing over all values of both 7 and j. 
S, is the vibrational entropy, and is given by putting the energy level e; 


€, = vho, (5) 


(assuming harmonic oscillation—no appreciable error at room temperature) 
where w, is the frequency of the kth normal vibration of the molecule (in a 
diatomic molecule, there is only one such but in an #-atomic molecule there 
are 3n-6 if it has three moments of inertia, or 37-5 if only two). The a priori 
probability » of each vibration is unity if one remembers to include an en- 
tropy for each of the 3n—-{§ vibrations even though some happen to have the 
same frequency. 


5 Hund, Zeits. f. Physik 43, 805 (1927). Tabulated in V and S, Table I. 

6 Elert, Zeits. f. Physik 51, 6 (1928). Tabulated in V and S, Table IT. 

7 Cf. any text book, for example, Taylor, Treatise on Physical Chemistry, 1st ed. Vol II, 
p. 1202 by Rodebush (D. Van Nostrand Co. 1925). 

* Cf. Birge, Rev. Mod. Phys. 1, 65 (1929). 
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The electronic entropy, S.:, is zero in the present’ case of chemically 
saturated molecules (presumably 'Y ones with p.; consequently unity). 

Finally the entropy of mixing, S,,ix, must be included in those cases where 
one computes that of a mixture of different symmetry varieties by calculating 
the entropy of each separate kind and adding them together in their propor- 


tionate amounts. It is given by the familiar’? equation 
Siz = — NiR In VV, — NoRIn No-—-:--. (6) 


That this method leads to an identical result in calculations with diatomic 
molecules to that obtained by correctly treating the gas as only one substance 
and not a mixture has been demonstrated elsewhere**. The first method is, in 
certain respects, simpler, and by its use one is less likely to make mistakes. I 
shall therefore employ it. 

For the sake of convenience, it is desirable from this point on to make use 
of certain abbreviations customary in the literature 


Q = > pen ? _ Do pie i(i+)oy- To. (7) 
n 7.7 

a, = h?/8r? ART (8) 

o2 = (h?/8x°)(1/C — 1/A)/kT. (9) 


By differentiating Q partially with respect too, and 2 it may be readily shown 
that 

E, T ae R(o,0 In QO, Oo; + a0 In Q, Oo2) (10) 
and 


S, R{In QO — ¢,0 InQ/do; — 020 InQ, dos]. (11) 


In the case of a rotator like methane where all three moments of inertia 
are the same, Eq. (11) still applies with just one term ing (¢2=0). 
A similar equation may be derived for vibrational entropy 


S, = R{InQ, — o,dInQ,/do,| 
if one assumes the motion to be harmonic and understands 


Oy = hw/kT = O/T 
/ \ (13) 
€, = vhw. f 
If o, is large this may be further simplified to 
S, = R(i+e,)e* 


14 
R(L + O/T)c9!7 i 


where © is the “characteristic” temperature. 

In the subsequent calculations of the entropy of ammonia and of methane 
we shall concern ourselves with moderate temperatures (298.1°K) at which, 
on the one hand, the rotational energy is almost fully developed, but, on the 


® A case where the electronic entropy must be considered was discussed in connection with 
hydroxyl*4, 
10 Lewis and Randall, Thermodynamics, McGraw Hill Book Company (1923) p. 440. 
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other hand, very little vibrational energy has come into play (¢, is large). 
For this reason, errors in assignment of fundamental vibrational frequencies 
will not affect the final result to any appreciable extent. 

In order to compare our final results with experiment, one must subtract 
from them the entropy our gas would have at zero absolute, if it were not 
given time nor a catalyst to enable it to change over to its stable variety at 
that temperature. This is because most experimental low temperature meas- 
urements (for example, on specific heat) on which extrapolations to the ab- 
solute zero are based, are made under such conditions that true equilibrium 
never obtains, the proportion between the varieties remaining “frozen” in 
that obtaining at high temperature. 

I shall now proceed to calculate the various types of entropy for ammonia 
and methane at 298.1°K. 


Tue Entropy oF AMMONIA AT 298.1°K 
Translational 


Substituting in Eq. (3) values for ammonia at 298.1°K and one atmos- 


phere, I get 
S71 = 34.45 cal. degree 
Vibrational 


For the fundamental vibrational frequencies of ammonia I take those de- 
rived from Dennison," but corrected to agree with Badger and Mecke” from 
whose work I shall later use also the moments of inertia. Calculation gives 
(Table I) 

S,7°5-1 = 0.06 cal. degree“! 


TABLE I. Vibrational entropy of ammonia. 




















| { 

k | — @©B&M | (Dennison) | ©/298.1 | Ss 
1 96 si 1380 (1346) | 4.79 0.047 
2,3 | 1630 2330 (2330) 7.82 0.004 (X2) 
4,5 3336 4770 (4810) | 16.0 0.000 (X2) 
6 (4450) | | (6370) _~— | 0.000 
— = — a ——— ———_— 

Rotational 


The difficult part of the calculation of the entropy of ammonia lies in the 
evaluation of the rotational entropy. At room temperature where ¢ is small, 
the estimation of the double sum Q, may be carried out only by replacing it 
with a double integral, after which four steps are necessary to compare the 
calculated entropy with experiment; (1) decide upon the a priori probabili- 
ties, (2) compute the double integral, (3) determine the relative amounts of 
the different forms at high temperatures, and (4) subtract the “zero point” 
entropy. 


" Dennison, Phil. Mag. 1, 195 (1926). 
2 Badger and Mecke, Zeits. f. physik. Chem. 135, 333 (1929). A =2.79X10-, C=3.40 
X 10-*°'gm -cm?. 
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The a priori probabilities of the different rotational energy states of am- 
monia are obtained by the following considerations.*:>*' There are four 
S(3) (quadruplet) and two S(2+1) (doublet) nuclear spin eigenfunctions, the 
latter type being doubly degenerate, making four in all. One may look upon 
this degeneracy as corresponding roughly to the case where more than one 
doublet of the same total Z occurs in a supermultiplet in electronic spectra. 
The total of eight is thus exactly equal to the total a priori weight one would 
get from the hydrogen nuclei by dissociating the ammonia into its three hy- 
drogen atoms. There is one S(3) and one S(1+1+1) vibrational eigenfunc- 
tion for the ground vibrational level. Of the rotational levels, there are (27+ 
1) eigenfunctions for t =0 which are alternately S(3) for even j and S(1+1+ 
1) for odd j7. When 7 is divisible by three, there are (27+1) S(3) and (27+1) 
S(1+1+1) functions for each value of 7. When 7 is not divisible by three, 
there are 2(27+1) degenerate S(2+1) rotational functions for each value of 
j. By multiplying together all combinations and discarding any but those 
which come out completely antisymmetric, $(1+1+1), (Pauli exclusion 
principle), and remembering that, according to Hund,® only one-fourth of 
the combinations of two degenerate functions, S(2+1), will result in a com- 
pletely antisymmetric one, S(1+1+1), and another fourth will give a com- 
pletely symmetric one, S(3), we get the values given in Table II. 


TABLE II. Rotational weights of different varieties of ammonia. 




















j r Nuclear quartet Nuclear doublet 
| S(3) | SQ+1) 

0 0 4X1 4x0 

1 0 3 0 

1 1 0 3 

2 0 5 0 

2 1 0 5 

2 2 0 L 

3 0 7 0 

3 1 0 7 

3 2 0 7 

3 3 7X2 0 

4 0 9 0 

+ 1 0 9 

+ 2 0 9 

4 3 9X2 0 

4 4 0 9 
| 4(2j+1) for 7=0 4(2j+1) for + 
| 8(27+1) for r indivisible by 
| divisible by three three 














Generalizing thea priori probabilities, p, as is done at the end of Table II, 
one can write for the Q sums 


ro) eo (r=3) <3 

QO = LAAt ierttnn + DE Dl 8(2j + 1)eHstVe-r (3) (15) 
j=0 7=0 =e 
x (r=1,.2) <7 

70= >> 4(2j + 1)e~fG+Da-Por S(2 + 1). (16) 


j=0 r=1,2 


18 Ludloff, Zeits. f. Physik 57, 227 (1929). 
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The double sum in (15) is to be taken only for values of r =3, 6, 9 etc. up to 
one which may equal but not exceed the particular value of 7 assumed in the 
first summation. The double sum in (16) is taken for the remaining values of 
7=1, 2, 4,5, 7, 8, etc. up to 7 but not exceeding it. When the summations ex- 
tend over a great many terms (¢@ small) these equations may be written in the 
integral form 


“- 20 T<i 
0 = af (27 + De sarnng; + f (27 + 1yescirnnds f e<ady (17) 
0 0 r=3 
2 Ts] 
*0 = af (27 oe De savnng; f e-Padr, (18) 
0 *r=1,3 


The first term of (17) is readily integrated. In order to compute the double 
integral in (17) one must introduce some simplifying approximation. Making 
use of Badger and Mecke’s® data (which gives o; = 0.0476; o2 = —0.00854) I 
find that the ratio o,;: 02 is —5.6. This suggests the possibility that o. may be 
neglected with no appreciable error. Thus, the second integral in the second 
term of (17) could be taken as approximately j/3 as long as j(j7+1)o; is small; 
when the latter becomes large, the first exponential would have approached 
quite a small value before the second integral could have changed materially. 
The use of this approximation would give a lower limit to the sum Q(since 
d2 is negative). Likewise, the second integral in (18) might be taken as 27/3. 
Obviously, the next approximation is to be obtained by expanding the ex- 
ponential in 7°o2 and integrating by parts. Carrying out this integration one 
gets the following, the last term in braces representing the second approxima- 
tion. 


40 = (4 (3) rtl2g,-3!2enl4] {4 — 4q-M%y1/2 4 (5 6)r-1/29,3/2) 
— (02/20,) {1 — 2x '2o,1/2 + oy 2}] (19) 
(4/3)2) 2, 3/2¢a./4| {1 — 4r-1/29)1/2 4+ (5/6) 41/203 2} 


— (62/20) {1 — 347*/2o,!/2 + 9/2} ] (20) 


*0 


This shows immediately that the proportions of the two forms at high 
temperature (o small) are equal. 


10:°0 = 4/4. (21) 


Differentiating the natural logarithm of (19) and (20) and applying (11), 
one obtains for the absolute rotational entropies 


4S, = R[1.5 + In 4x¥/2/3 — 1.5 Ino, — 207'2G4!!2 — 2/20, 
+ hoor -'/2g,-1/2] = 2.98 +1.70 +9.08 —0.49 + 0.18 —0.02 (22) 
= 13.43 at 298.1°K 
2S, = R[1.5 + In 4x"/2/3 — 1.5 In oy — 20-¥2,'!2 — @2/20, 


+ (3/4)oor—/2o,-1/?2] = 13.42 at 298.1°K. (23) 
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The total absolute rotational entropy is (ef 21) 
S, = 34S, + #5, — }RIn} — 4R1n} (24) 
= 13.425 + 1.377 
14.80 cal. degree! at 298°K 


while the entropy of the gas at the absolute zero under conditions of “frozen” 
equilibrium would be 


S, = }Riln4+ 3RiIn12+5S,,, 
= 1.377 + 2.468 + 1.377 (25) 
= 5.22 cal. degree”. 


The latter must be subtracted from the absolute entropy to obtain what we 
shall call the “virtual” entropy, which corresponds to the calorimetrically 
measured quantity.T 

S,* = S, — S,’ = 14.80 — 5.22 


? 
= 9.58 at 298°. a 


It is evident from the foregoing that the entropy of mixing does not enter 
into the final value of the virtual rotational entropy since it cancels out in the 
“zero point” correction, but that it is quite important to the value of the ab- 
solute entropy. 

We are now ready to add together all our results in order to get the total 
entropy of ammonia. 


298.1 


Sno; = 34.45 + 0.06 + 14.80 + 2.18 


51.5 cal. degree! absolute entropy. 





(The entropy, R In 3=2.18, due to the nitrogen nucleus, hitherto neglected, 
is here included.) 


298. 1x 


Sno; = 34.45 + 0.06 + 9.58 


= 44.1 cal. degree“ virtual entropy" at 298.1°K. 
The absolute minus nuclear spin entropy (R In 24 =6.31) is 45.2. 


Comparison with experiment. 


To compare these calculated values with experiment requires extreme 
caution. By using the equations of Lewis and Randall,!® p. 557, for the heat 
and free energy of formation of ammonia, one may get the entropy change of 
the reaction 





298.1 


ASnu; = — 23.7. 










¢ Cf. comments added in proof. 

4 The difference between these values and those announced in the preliminary statement 
(reference 1) arose from a discovery of certain fundamental errors which had been made in 
counting eigenfunctions. 
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It at first seemed justifiable to add to this the experimental (virtual) entropies 
of nitrogen and hydrogen to get an experimental value for the virtual entropy 
of ammonia (43.6) and it was on this basis that comparisons were made in 
the preliminary notice of this work.! Giauque, Blue and Overstreet,” in a 
letter to the Editor of this journal state that this calculation “is evidently in 
error,” after giving theirs to be 46.1. This is a rather unfair statement, in that 
it implies an arithmetical error where in reality the difference lies in the man- 
ner of definition. +7 

Mature consideration shows that the entropy change of the reaction of 
formation which was obtained above is in reality the change in absolute en- 
tropy. Least confusion will therefore arise if one talks in terms of absolute 


entropy. 
Swiss = AS + 5SNe — 1.5 Su, (27) 


where the absolute entropy 
Su, = 33.98 
= Sy.* + Rint + 7R1n3 (28) 
and similarly 
Sx, zs Sy" + R In 9g 
= 2X 22.9+ 4.37 (29) 


= 5().2. 


The term (}R In 3=0.73) corresponding to the odd rotating variety of nitro- 
gen which I know to constitute one-third of the total from the intensity ratio 
of the band lines and from the Raman effect,’ I have stricken out (in proof) 
on the authority of a private communication from Giauque who states that 
experimental work by himself and Clayton has shown that the calorimetric 
value of the entropy of nitrogen is absolute entropy (as computed from band 
spectra) minus only the nuclear spin entropy. With (28) and (29) one gets as 
an “experimental” value for the absolute entropy of ammonia 


298.1 


Sxuy = — 23.7 + 25.08 + 50.97 
= 32.3 cal. degree“. 


My calculated value of the absolute entropy, 51.5, thus agrees fairly well 


'S Giauque, Blue and Overstreet, Phys. Rev. 38, 196-7 (1931). | wish to thank Professor 
Giauque for a copy of this letter which was furnished me while the present manuscript was being 
prepared. As far as | can tell, Giauque Blue and Overstreet have calculated the entropy of 
methane and ammonia by means of the old quantum theory involving the sometimes ambiguous 
symmetry number, to obviate the necessity for which was the especial virtue of the Gibson- 
Heitler'®* theory. I shall show that the two methods are in agreement when the same data are 
used. 

ba Gibson and Heitler, Zeits. f. Physik 49, 465 (1928). 

tt Added in Proof—This has been recognized by Bryant. J. Am. Chem. Soc. 53, 3014 
(1931). 

© Mulliken, Trans. Farady Soc. 25, 634 (1929). 

1? Rasetti, Nature 124, 792 (1929), 
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with the above. Giauque, Blue and Overstreet’ suggest that my choice of 
Badger and Mecke’s® moments of inertia may have led to a small divergence 
in results for ammonia. One may readily calculate this effect from our Eqs. 
(22) and (23). They prefer the values of 5.47 X10~*° and 2.792 X 10-* gm em? 
obtained by Barker.'S This would give a ratio of o,:02 of —2.04 instead of 
—5.6 as before. The terms in (22) and (23) corresponding to the second ap- 
proximation are therefore 5.6 2.04 greater and this would give a greater en- 
tropy by 0.2 cal. degree.-! If their estimate of the vibrational entropy 0.3 
prove to be better founded than that used above 0.06 (Table 1), the remainder 
of the difference 0.3, might perhaps be largely that arising from neglect of 
the stretching effects of the rotation, although part of it is to be accounted for 
by the higher terms in the expansions (19) and (20).7TT 





Tue Entropy OF METHANE AT 298.1°K 


Translational 





Substituting in Eq. (3) values for methane at 298.1°KK and one atmos- 
phere, I get 
S,2%-1 = 34.27 cal. degree. 


Vibrational 





For the fundamental vibrational frequencies of methane I take those from 
Dennison.'® Some doubt has been cast on the correctness of his assignment 
by Dickinson, Dillon and Rasetti®® who find a very strong Raman line of fre- 
quency 2914.8 cm, which is exactly equal to the difference between two of 
Dennison’s fundamentals, 4217 and 1304 cm-. As they point out, this indi- 
cates that it either owes its origin to molecules in thermal vibration (highly 
improbable for the strongest line) or else that the choice of the fundamentals 
is wrong. For want of better information however, I shall use Dennison’s 
data, with the assurance that the vibrational entropy at most only amounts 
to a small fraction of the whole. Calculation gives (Table ITI) 


S,2%-1 = 0.11 cal. degree! 


TaBLe III. Vibrational entropy of methane. 















| 











@.cm~! © ©/298.1 S_ 
ip Re. 1304 1870 6.275 0.0274 (x3) 
4) 5 1520 2180 731 0112 (x2 
6,7, 8 3014 4310 =| 14.45 017 (x3) 
9 4217 6040 20.3 on 








18 Barker, Phys. Rev. 33, 684 (1929). 
ttt Added in Proof—The remainder of the discrepancy between my value for the absolute 
entropy,51.5,and theirs, 52.7,is probably to be ascribed to the fact that my series is carried out 
to the second approximation which is farther than theirs has been. 
19 Dennison, Astrophys J. 62, 84 (1925). 
20 Dickinson, Dillon and Rasetti, Phys. Rev. 34, 582 (1929). 











































ENTROPY OF POLYATOMIC MOLECULES 


Rotational 


The rotational equations for the three different forms of methane have 
already been derived (V and S). Differentiating only once the natural log- 
arithm of the expressions (25), (26) and (27) of that paper and applying (11) 
of the present article, one obtains for absolute rotational entropies 


§§, = R[— 1.5 Ino + In Sr'/2/12 +. 1.5 4 154 -N2%g3/2. - - | 
= 10.91 — 0.61 + 2.98 + 0.07 (30) 
= 13.35 at 298.1° 

3§, = R[— 1.5 ]lno + In 97/2/12 + 1.3 
= 10.91 + 0.57 + 2.98 + 0.17 (31) 
= 14.63 at 298.1° 

IS, = R[— 1.5 Ine + In 2e"!2/12 + 1.5 + 39r-N2g8/2. . . | 
= 10.91 — 2.43 + 2.98 + 0.18 (32) 


= 11.64 cal. degree“! at 298.1°K. 


a7 
+- 
~ 
ES) 


As before, I shall use the Raman value of the moment of inertia which 
gives a =0.0258 at 298.1°IKK. The average absolute rotational entropy is, mak- 
ing use of the proportions found in (31) of V and S. 


= 4.17 + 8.23 + 1.46 + 1.89 (33) 
15.75 cal. degree™'. 


The “zero point” entropy correction under conditions of frozen equilib- 
rium would be 
S,/ = (5/16)R In 5 + (9/16)R In 9 + (2/16)R In 10 + S,,, 


1.00 + 2.45 + 0.57 + 1.89 (34) 


II 


5.91 cal. degree™'. 
Subtracting this from the absolute entropy, one gets the virtual entropy 
which may now_be compared with experiment.f 
S,* = §,-—S,' = 15.75 — 5.91 r= 
(35) 
= 9.84 cal. degree". 


The total entropy is the sum of the foregoing amounts 


(298.1 


Seu, = 34.27 + 0.11 + 15.75 
= 50.1 absolute entropy or 
Sou,” = 34.27 + 0.11 + 9.84 
= 44.2 cal. degree™! virtual entropy"*. 
The absolute minus nuclear spin entropy (R In 16=5.51) is 44.6. 


+ Cf. comments added in proof. 











1562 DONALD S, VILLARS 


Comparison with experiment. 


The above value for the virtual entropy of methane (44.2) may be com- 
pared with an experimental entropy recently recalculated by Storch*! from 
the specific heat measurements of Clusius™ (43.39). Much better agreement 
of our calculated value is found when it is compared with the one computed 
by Giauque, Blue and Overstreet" (44.3) from the data of Clusius,”* of Stock, 
Henning and WKuss* and of Keyes, Taylor and Smith.” 

The reaction of formation may also be employed for comparison purposes. 
In this case, as before with ammonia one should compare absolute entropies, 
not experimental, if one is to avoid confusion. Storch*! has recalculated the 
data of Randall and Mohammad”* to agree with the later specific heat meas- 
urements of Eastman” and of Eucken and Luede*’ and gives us the values 


298.1 
Aen, = — 18062 cal., mole 
298.1 ws 
Alen, = — 12542 cal., mole. 
From these I compute 
298.1 = 
AScn, = — 18.52 cal. degree! 


and add 233.98 (the absolute entropy of hydrogen) plus 1.39 (1. C. T. 
value for entropy of graphite) to get 


298 


Sen, = 50.8 cal. degree! 


which compares quite favorably with my calculated value of the absolute en- 
tropy of methane (50.1). This last estimate is uncertain in that we do not 
know whether the experimental entropy of graphite (1.39) differs from its ab- 
solute entropy. If it were a diatomic gas, one could say definitely that there 
would be no diiference, since its nuclear spin entropy is zero and its lowest ro- 
tational level is the one of zero rotation (in Cs, the odd levels are missing).'® 
It is quite probable that the lowest levels in the graphite crystal correspond 
to zero rotation, and if this is true, the above comparison is justified; if it is 
not true, then the corresponding entropy of rotation should be added to. 50.8 
and that value be compared with my theoretical one of 50.1 
It may be noted in passing that 0.4 cal. degree of the 1.9 units divergence 
noted by Storch as existing between the reaction of formation data and the 
specific heat data on methane has been removed in the above analysis, on the 
interpretation involving virtual entropies as I have defined them. This is not 
‘moved if the experimental entropies differ from their absolute values only 


~rch, J. Am. Chem. Soc. 53, 2166 (1931). 
>. Zeits. f. physik. Chem. B3, 41 (1929). 
~ning and Kuss, Ber. 54, 1119 (1921). 
and Smith, J. Math. Phys. Mass. Inst. Tech. 1, 191 (1922). 
»mmad, Ind. Eng. Chem. 21, 1048 (1929). 
“lines Circular 6125, May (1929). 
f, physik. Chem. BS, 436 (1929). 
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by their nuclear spin entropies. (The entropy indicated from the CO.—CH, 
reaction is still in disagreement with the other values.) tt 


CONCLUSION 


Before concluding, it might be briefly pointed out that the common factor 
multiplying all the a priori probabilities of a distinct symmetry variety af- 
fects the relative proportions (mole fraction) of the different varieties and 
their absolute entropies; not, however, the virtual entropy. 

In conclusion I wish to emphasize my belief that comparisons between 
theory and experiment should be made, wherever possible, with the absolute 
entropies. If these are uncertain in symmetrical molecules, then this uncer- 
tainty will almost invariably be carried over to the calculated value which is 
being compared with experiment, except where the relative proportions of 
the different symmetry varieties are already known in advance. In only one 
case may the virtual theoretical value be compared with the actual calorimet- 
ric one and that is when the latter has been determined from specific heat 
measurements on that substance alone (not in connection with a reaction). 
In this case, the absolute entropy must be calculated beforehand, at any 
event. An important corollary of the conclusions developed above is that the 
experimental entropy change in a reaction (obtained from the free energy and 
heat change) is equal to the change in absolute entropy and in some cases 
may be distinctly different from that computed from the algebraic sum of the 
experimental entropies derived from specific heat measurements on the sepa- 
rate reactants. 


Comments added in proof: (9, 15/31) 


The foregoing calculations of the absolute entropy by the application of 
quantum mechanics are seen to be in good agreement with those obtained 
from classical theory. In all fairness it should be stated however that the 
method of comparison with experiment is not at all certain. If calorimetric 
measurements were made on the gas all the way down to near the absolute 
zero, or if the liquid and crystal carry over the rotational states of the gas 
without material changes in the relative rotational and vibrational energy 
level spacings, the experimental calorimetric entropy should correspond to 
the virtual entropy (absolute minus nuclear spin minus frozen rotational en- 
tropy). This is true of hydrogen if too low temperatures are not attained. 
However, there is a second class of substances (Giauque, ref. 2f, p. 4825 be- 
lieves all substances belong to this class except hydrogen) such as iodine?! in 
which the degenerate rotational levels become so widely separated (per- 
turbed) by the crystal forces as the molecule passes into the crystalline state 
that the ratio, ~/k7’, is no longer negligible but becomes quite appreciable 


tt Added in proof—The difference between my calculated value of the absolute entropy of 
methane, 50.13, and that of Giauque, Blue and Overstreet, 49.86, may be shown to be due to the 
fact that I. have not neglected vibrational entropy (0.11) and have computed my series to a 
further degree of approximation than that used by these authors. My last approximation 
amounts to 0.15 and fully accounts for the difference between our results, 
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for all but the lowest of the resolved degenerate levels with the result that all 
molecules settle into the lowest state which is now of unit statistical weight. 
Under such conditions, the frozen rotational entropy is removed and the ex- 
perimental value should correspond to the absolute minus nuclear spin 
entropy. 

Finally, a third class has been proposed recently by Ludloff?® in which 
even the entropy of nuclear spin is partially or wholly resolved, in solids of 
great crystal forces. He points out that even under such circumstances, the 
entropy of mixing will remain associated with the state of zero temperature. 
Of course substances may also belong to the in-between classes. Examples of 
class III given by him are NO, NHs3, Bre and Cle. In such a case, it will be 
necessary to know the relative amounts of the different symmetry forms in 
order to compute the entropy of mixing, and here the method of calculation 
I have chosen possesses distinct advantage over the one used by Gibson and 
Heitler ** and by Giauque, Blue and Overstreet. 

The calorimetric value of ammonia given by the latter, computed from 
data of Eucken and Karwat*®® and Henning and Stock*® is 47.2. My four 
calculated values of entropy are summarized as follows: absolute, 51.5; abso- 
lute minus mixing (Ludloff, class III), 50.1; absolute minus nuclear spin 
(Giauque, class II) 45.2; absolute minus nuclear spin minus frozen rotational 
(virtual—class I), 44.1. 

The same data for methane, which, according to Ludloff, belong to class II 
are: experimental calorimetric, 43.39 (Storch) or 44.3 (Giauque, Blue and 
Overstreet) ; absolute, 50.1; absolute minus mixing, (class II1]), 48.2; absolute 
minus nuclear spin (class IT), 44.6: absolute minus nuclear spin minus frozen 
rotational (virtual—class 1), 44.2 

In this connection, Rodebush*" maintains that the only entropy worthy 
of consideration is that of the equilibrium mixture. To measure this, it is 
necessary to find a catalyst which establishes equilibrium at all temperatures 
down to near the absolute zero. I wish to point out that the discovery of such 
a catalyst serviceable at these low temperatures will probably be the excep- 
tion rather than the rule in view of the recent proof by Taylor* that activa- 
tion heats are associated with adsorption processes. While the equilibrium 
value of the entropy (absolute entropy) is the one which should be used in 
thermodynamic discussions, it seems to me more practicable, at least until 
such catalysts are universally assured to make the experimental measure- 
ments on the metastable mixture of the proportions existing at high tempera- 
ture down to a temperature at which the resolution of the frozen rotational 
or the nuclear spin entropy just begins to become evident, extrapolate from 
there to the absolute zero and correct for the omission of this type of entropy 
by adding the suitable theoretical amount. 


*8 Ludloff, Zeits. f. Physik 68, 433-46 (1931). 

29 Eucken and Karwat, Zeits. f. phys. Chem. 112, 467 (1924). 
80 Henning and Stock, Zeits. f. Physik 4, 226 (1921). 

3 Taylor, J. Am. Chem. Soc. 53, 578 (1931). 
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Ionization as a Function of Pressure and Temperature 


Attention has been called by Swann,! 
Broxon? and others’ to the fact that the 
residual ionization in an ionization chamber 
(due chiefly to cosmic rays) is not proportional 
to the pressure, but reaches a maximum value 
in the neighborhood of a hundred atmos- 
pheres. The proposed explanation has been 
that the ions are formed by high speed beta- 
particles ejected from the walls of the ioniza- 
tion chamber, and that these beta-rays are 
completely absorbed by the air if the pressure 
is sufficiently high. 

An alternative explanation of the phenome- 
non is that a form of recombination may occur 
at high pressures, due to the fact that the 
electron ejected from a molecule by the ioniz- 
ing beta-ray may lose its initial energy 
through molecular collisions before it has 
moved far enough from the parent positive 
ion to escape from the effect of its electro- 
static attraction. In accord with the ideas un- 
derlying Thomson’s theory of recombination,‘ 
we may suppose that if the initial energy of 
the electron carries it beyond a critical dis- 
tance, molecular diffusion will probably carry 
it away, and a permanent ion will be formed. 
If ¢ is the ionization per unit pressure when all 
ions remain permanent, p the pressure, and P 
is the probability that an ion will remain per- 
manent, the ionization may be written as 


= ipP. (1) 
The probability P will approach unity for 


1W. F. G. Swann, J. Frank. Inst. 209, 151 
(1930). 

2 J. W. Broxon, Phys. Rev. 37, 1321 (1931). 

> K. M. Downey, Phys. Rev. 16, 420 (1922). 
H. H. Fruth, Phys. Rev. 22, 109 (1923). 

* Thomson, Phil. Mag. 47, 337 (1924); Con- 
duction of Electricity Through Gases, 3 ed. 
pp. 44-57. 


low pressures and zero for high pressures, and 
will have a greater value at high temperatures 
than at low temperatures, since diffusion will 
be more rapid. Kinetic theory calculations 
lead to rather complicated expressions for P, 
which will be presented in a later paper. They 
show, however, that the ionization i should 
reach a maximum as the pressure increases, 
and then fall gradually to zero for very high 
pressures. For the range of pressures studied 
by Broxon, the theoretical curve is similar to 
that observed, though the agreement is not 
exact. 

A consequence of this recombination theory 
is that the variation of ionization with pres- 
sure should be nearly the same with gamma- 
rays as with cosmic rays, since neither are 
much absorbed by the air in the ionization 
chamber. On the beta-ray absorption theory, 
since the beta-rays excited by gamma-rays are 
presumably of much shorter range than those 
due to cosmic rays, the ionization should 
either reach its limit at a lower pressure, if the 
ionizing beta-rays come from the walls, or 
should increase without limit if the gamma- 
rays produce beta-rays within the gas. Ex- 
periments at Chicago with a spherical steel 
ionization chamber, 4 inches in diameter, and 
on Mt. Evans with a cylindrical steel cham- 
ber, gave pressure ionization curves with 
gamma-rays and cosmic rays which were 
closely similar to each other and to Broxon's 
pressure curve using a 10 (?) inch chamber 

The 4 inch ionization chamber was also sur- 
rounded by a water bath so that its tempera- 
ture could be varied from about 0°C to 35°C. 
With air at 100 atmospheres pressure the 
ionization was about 8 percent greater at the 
higher temperature, while at 20 atmospheres 
we were unable to detect any effect of temper- 
ature change. These results are in approximate 
quantitative agreement with the predictions 
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of the recombination theory, whereas the 
beta-ray range theory would predict no effect 
at either pressure. 

Further support of the recombination the- 
ory of the limited ionization at high pressures 
comes from theobservation that when nitrogen 
is used, the ionization remains proportional to 
the pressure up to pressures much higher than 
is the case with air. We have observed this to 
be the case using gamma-rays, and Broxon 
informs us that he finds the same difference 
with cosmic rays. The interpretation of this 
difference between nitrogen and air is appar- 
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ently the fact that the energy lost by an elec- 
tron per collision is much less in nitrogen than 
in air. Thus an electron ejected by a passing 
beta-particle should move farther from its 
parent positive ion in nitrogen than in air be- 
fore losing its initial energy. This would make 
recombination less likely in nitrogen. 
A. H. Compton 
R. D. BENNETT 
J. C. Srearns 
University of Chicago, 
Ryerson Physical Laboratory, 
September 23, 1931. 


The Constancy of Cosmic Rays 


In the preceding letter to the Physical Re- 
view we have called attention to the fact that 
the ionization of air traversed by gamma-rays 
from radium is a function of the pressure, and 
that this dependence upon the pressure is 
greater when the pressure is high. There have 
been from time to time important and careful 
experiments which have indicated a variation 
in the intensity of cosmic rays with the time of 
day. These of Millikan have, for example, 
shown a maximum intensity in the afternoon 
and a minimum at night. This is the type of 
apparent variation that one should expect if 
the apparatus is not kept at a uniform temper- 
ature. Other observers have noted that the 
apparent variation in cosmic ray intensity is 
greater for the softer component of the cosmic 
rays. These softer components, however, can 
only be studied in very high altitudes where 
the temperature variation between day and 
night becomes relatively large. We, therefore, 
determined to study the variations in the in- 
tensity of cosmic rays in a high altitude in 
such a way that possible temperature varia- 
tions would not influence our results. 

The ionization chamber used in these ex- 
periments was a hollow steel sphere, 4 inches 
in diameter, filled with dry air at thirty atmos- 
pheres pressure. (The ionization was measured 
by means of a Lindemann electrometer. 
Hourly readings were taken of the ratio of 
the intensity of the cosmic ray entering this 
chamber when shielded with two inches of 
lead to the intensity of the gamma-rays froma 
milligram of radium placed in a fixed position 


about 30 centimeters from the chamber.) Any 
temperature variations should, under these 
conditions, affect equally the ionization pro- 
duced by the cosmic rays and the gamma- 
rays. 

This apparatus was taken to Summit Lake, 
near the top of Mount Evans, Colorado, at an 
altitude of 12,680 feet. A series of hourly read- 
ings taken for 240 consecutive hours showed 
no variations in the intensity greater than 
the variations to be expected from purely 
statistical considerations. (The probable error 
of the intensity for a four hour period was 
about 0.15 percent.) This series of readings 
appears to be as thorough a test of the diurnal 
variations of cosmic ray intensity as has yet 
been made, and since it shows no intensity 
changes, it would appear that probably some 
of the previous changes that have been re- 
corded may be due merely to variations in the 
temperature of the apparatus employed. 

The long, continuous series of readings 
necessary to make this test of diurnal varia- 
tions could not have been completed without 
the cooperation of Messrs. V. J. Andrew, 
F. P. Longman, V. L. Ridenour, and A, A. 
Compton of Chicago; and W. J. Overbeck, 
P. M. Barth, and J. A, Headberg of Denver. 


R. D. BENNETT 
J. C. Stearns 
A. H. Compton 


University of Chicago, 
Ryerson Physical Laboratory, 
September 23, 1931. 


Thermionic Emission from a Plane Electrode 


Being convinced of the importance of space 
charge in any theory of the thermionic work 
function, as Waterman and I have pointed 


out, I have sought explanations of the differ- 
ences between experimental results and the- 
oretical calculations along this line. In addi- 
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tion to any question of the validity of apply- 
ing Poisson's equation, essentially as an equa- 
tion of continuity, to an electron gas which 
perhaps cannot be considered as continuous, 
there is the difficulty that the calculations 
have been performed, for the sake of simplic- 
ity, for the case of parallel plane electrodes, 
whereas most of the experiments have used 
coaxial cylinders. 

Supposing, erroneously | now believe, that 
it would be easier to revise the experiment 
than the theory, | have set up an arrangement 
for measuring the thermionic current between 
parallel electrodes of nickel. The emitter, so 
shaped that its temperature was reasonably 
uniform over the emitting surface, was heated 
by electron bombardment at a few thousand 
volts from a Coolidge filament. A surrounding 
cylinder separated from the emitter by a lavite 
insulator, served to focus the electron beam to 
secure uniform temperatures, and, in conjunc- 
tion with an outer cylinder, insulated, stopped 
to a great extent the passage of electrons of 
the heating current to the collecting anode. 
Unfortunately this last could not be achieved 
completely, so that it was necessary to use a 
null method of measurement to balance out 
the stray current, and also to run a long series 
of control experiments. 

Finally the temperature of the emitter was 
measured by an optical pyrometer through 
small holes in the collecting anode. This anode 
was about one millimeter distant from the hot 
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cathode, though that distance depended on 
the temperature conditions in the tube and 
had to be measured frequently. 

Currents were measurable only for a small 
range of temperatures, and with a rather large 
experimental error. Accelerating fields up to 
five thousand volts per cm were used, large 
enough to give Schottky effect curves since 
the currents were so small as to eliminate com- 
pletely any of the space-charge effect that is 
usually considered. 

The results show that, within the limits of 
my rather large experimental error, the de- 
pendence of current upon applied field and 
upon temperature is the same as in the cylin- 
drical electrode case. | think that my results 
should be interpreted as failing to find any 
large departures from the Schottky image 
force rather than as confirming that theory. 

It is possible that interesting results could 
be obtained with coated filaments, from which 
large currents could be drawn at moderate 
temperatures, thus greatly increasing the ac- 
curacy. On the other hand, I am now engaged 
in locking into the validity of my use of 
Poisson's equation, and trying to find a correc- 
tion which will take into consideration the 
granular structure of the electron gas. 


Russet S, BARTLETT 
Sloane Physics Laboratory, 
Yale University, 
September 15, 1931. 


Radioactive Disintegration 


In a previous discussion! of the properties 
of radioactive substances, we proposed the 
following equation 

y mM 


a(S) eS 


to represent the energy levels of the a-particles 
in the nucleus, where M is the mass of the 
helium nucleus, ¢ the velocity of light, Z the 
atomic number of the element less two, and 
n and ¢ are integers. 

The long range particles from RaC” can be 
assigned to energy levels which follow this law 
when we take for the value of E for n=1 and 


n 


Z 











n 8 12 13 
cal. 6.4 14.4 16.9 
exp. 6.3 14.6 17.6 








i=22, 


the value 1.00X10' el.-volts corre- 
sponding to the value 1.09X10° given by 
above equation for i1=7. The following table 
compares the values for different values of ». 

The comparison between the softest y- 
emitted by the element and the energies of the 
normal a-particles is also fairly satisfactory. 
We should expect that the energy of the nor- 
mal a-particle would be the same as the en- 
ergy difference between the levels »=0 and 
n=1 of the preceding clement in the series. 
In some cases, however, the values of 7 do not 
change in the disintegration process and we 


1 Bramley, Proc. Nat. Acad. Oct. 1931. 


rays 


1 18 


14 15 16 7 

19.6 eso 25.6 28.9 32.4 

19.4 22.0 25.8 28.4 30.2 
123.5 
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have good agreement with the @ levels of the 
element as shown by the y-rays emitted. 

The other elements for which we have suffi- 
cient data, Pa and AcC do not fit this rela- 
tionship. We have taken here the value of the 
softest y-ray as corresponding to the transi- 
tion A n?=1, 


Element Softest y-ray 
Ra 1.89 
RdTh 0.848 

0.841 

1.435 
AcX 1.53 
1.57 

"> 0.315 


RdA 


In the article, we found that the reciprocal 
of the mean life (1/7) for a 8 transition was 
proportional to the fourth power of the hardest 
y-ray emitted by the element following the 
transition. We should also expect from the 
analogy to “black-body radiation” that (1/r) 
should be proportional! to the fourth power of 
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mum probability of occurrence. The data are 
given in the following table. We have calcu- 
lated the constant of proportionality from the 
data for ThB. 

If we divide the calculated values of (1/7) 
of the second group by ten, and those of the 
third by one hundred, as we saw was neces- 





‘ Energy of e-particle 


(cal.) (exp.) 
5 47.3 47.44 
8 54.3) 53.47 
53.8) 
51.66) 
6 55.08 > 56.59 
56.52} 
61.74 59.23 





sary,' then the agreement is fair considering 
the difficulty of locating the maximum of the 
distribution function. The energy of the maxi- 
mum is approximately } of the energy of the 
hardest y-ray. In the case of black-body radia- 
tion the energy of the maximum is nearly the 
same as that given by the temperature. 








Element 


Energy 
ThB 1.0 X 10° 
RaB 1.7 X105 
second group 
Ra 4.0X 10° 
third group 
RaE 2 


2.7 X105 





‘t/t (cal.) 1/r nn) 
1.82X10-5 1.821078 
1.52X10- 4.31x10~ 
4.65 X10-3 5.861074 
9.8X107 


1.6X10-% 








the energy of the emitted -particles which 
have the maximum probability of occurrence. 
If we plot the number of 8-particles as a func- 
tion of their energy, then we can find a value 
of the energy for which the distribution func- 
tion has a maximum; this is the energy for 
which the emitted 8-particles have a maxi- 


? Rutherford, Proc. Roy. Soc. 132, 667. 
(1931). 


Arthur Bramley 
Bartol Research Foundation, 


Swarthmore, Pa., 
September 19, 1931. 


An Electrical Field Giving Uniform Deflecting Force on a Molecular Beam 


The most desirable type of field distribu- 
tion for use in molecular beam deflection ex- 
periments is evidently one in which the force 
is independent of the position of the molecule 
in the field. Any nonlinearity of the scale of de- 
flection due to deflected molecules going 
through stronger or weaker parts of the field 
is thus avoided, as well as any spreading due 
to the original finite width of the beam. An 


electrical field having this property is de- 
scribed here. 

This is a cylindrical or two-dimensional 
field, in which the molecular beam travels 
parallel to the generator of the cylinder (Nor- 
mal to the plane of the accompanying figure). 
The magnitude of the deflection can be in- 
creased at will by increasing the length of the 
field. The correct form of the plates is found 
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by the method of conformal representation. 
Consider the transformation W =z!*"/", where 
W=U+iV =Re'®, s=x+iy=re'®. The abso- 
lute value of the field strength is given by 
F= |\dW/dz|=(1+1/n) |s¥/" | =(14+1/n)r"", 

If now a molecule in the field has the Stark 
effect energy aF", the force on it, at least toa 
classical approximation, is given by —grad 
aF" =—a(1+1/n)*- gradr = —a(1+1/n)n, 
where r; is a unit vector from the origin to the 
point in the field where the molecule is lo- 
cated. The force is thus constant in magnitude 
and always directed along the line joining the 
molecule and the origin. 

The form of the equipotentials of the elec- 
trical field is found most easily by putting the 
transformation into the form 


Rei? = pi Hingit+t/n)@ or 


Retin, g=(1+1/n)0. 











Fig. 1. Profile of condenser plates providing 
uniform deflecting force in the case of mole- 
cules with a quadratic Stark effect. The beam 
of molecules travels perpendicularly to the 
paper, in the region whose cross section is the 
line A. 


1569 


The equipotentials V = +1 are represented in 
the W-plane by R=-+cosec ¢, and in the 
z-plane by r'*"/" = +cosec(1+1/n)@. 

The case of greatest experimental interest is 
that in which n=2. Then the force is — (9/4) 
ar,, and the equipotentials V = +1 are given 
by r3/?=+cosec (3/2 6) In the realization of 
the field, electrodes are put at V=1 and 
V=-—1. Also a third electrode in the form of 
a wedge with the dihedral angle 120° is placed 
as shown in the figure and put at zero poten- 
tial. This is necessary because of the presence 
of a branch point at the origin, requiring a 
branch cut to infinity which can be considered 
to be in the part of the plane excluded from 
the field by the third electrode. 

Since in the actual construction the plates 
cannot extend to infinity as required by the 
theory, an estimate must be made of the effect 
caused by cutting them off at a finite distance 
from the origin. This can be done by the meth- 
od of successive transformations. Starting 
with the transformation giving the field at the 
edge of a plane parallel condenser, the applica- 
tion of the transformation used in this letter 
deforms the condenser plates into curves iden- 
tical with those required by the simple theory 
given above, but now cut off at an arbitrary 
value of x. Calculation shows that when the 
plates are cut off at r=4, the modification in 
the force at r=2 is less than one part in a 
thousand. 

When the potential on the plates is v, and 
the radius of the circle shown on the cut is ro, 
the force is multiplied by the dimensional 
factor v?/r%. 

This method is to be used in an experiment 
now in progress at Princeton. 

Epwin McMILLAN 

Palmer Physical Laboratory, 

Princeton, New Jersey, 
September 16, 1931. 


The Metamagnetism in Bismuth Crystals 


A fundamental problem of the constitution 
of a solid metal is the cause of the magnetic 
susceptibility due to its crystalline state, 
which property is for most crystals very dif- 
ferent from the atomic susceptibility. Almost 
all measurements of susceptibilities of pure 
metals show an increase in the diamagnetic di- 
rection at the transition into the crystalline 
phase and also the recent investigations of 
Kapitza' and de Haas and van Alphen? in very 
large fields and at extreme low temperatures 


point towards the conclusion that the diamag- 
netic properties of a metal crystal depend on 
the action of “free” electrons caused by the 
coexistence of a large number of molecules 
(atoms) in a given geometric configuration. 


' P. Kapitza, Proc. Royal Soc. A131, 243 
(1931). 

2W. J. de Haas and P. M. van Alphen. 
Comm. Phys. Lab. Univ. Leyden Nr. 212 a, 
1931, 
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One experimental possibility of a closer ap- 
proach to this problem seemed tobe the study 
of the influence which foreign atoms, dissolved 
within a metal crystal, have on its diamag 
netic susceptibility. The disturbing effect on 
the lattice caused by foreign atoms was very 
much larger than expected and a preliminary 
report of some of the results obtained will be 
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amount of another metal was added to the 
original metal and a new crystal of the same 
orientation as the previous one was produced. 

In this fashion a large number of crystals 
containing various concentrations of foreign 
atoms as well as different kinds of impurities 
were grown. The results obtained concerning 


the change of the magnetic properties of the 


given as follows. crystal in different directions are the following: 
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For most of the measurements Bi single 
crystals were used since their susceptibility is 
15-20 times larger than the atomic diamagne- 
tism. Bi is furthermore the most diamagnetic 
substance known, After the magnetic con- 
stants of a pure crystal had been determined’ 
for different directions of the crystal, a small 


a. The presence of foreign atoms affects the 
magnetic properties of the crystal only if the 
atom goes into a solid solution. Inclosures or 
occlusion of heterogeneous substances do not 
affect the susceptibility to a measurable ex- 


3 A. B. Focke, Phys. Rev. 36, 319. (1930). 
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tent. Thus metals which cannot be dissolved 
in Bi (like Cu) do not change its magnetic 
properties. 

b. If a soluble metal (Sn and Pb) is added 
in a quantity below the limit of saturation 
(which is very low (0.5 to 3 percent) for dif- 
ferent enantiomorphic metals) the effect on 
the susceptibility is very large. Beyond the 
saturation (where it very soon becomes im- 
possible to produce a single crystal) the effect 
due to enclosures of eutectic mixtures is negli- 
gible. 

c. The effect of very small concentrations 
of foreign atoms is surprisingly large and 
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The straight line, representing the purest 
bismuth obtainable (0.005 percent Pb). de- 
creases slightly with increasing temperatures. 
the 
anisotropy of a crystal saturated with Sn 
(ca. 3 at. percent). Close to 0°C X1/Xy be- 
comes infinite, for lower temperatures the 
anisotropy is negative indicating that the 
crystal is now paramagnetic in one direction 
(parallel to the principal axis) and diamag- 
netic in the other. As far as our knowledge 
goes this is the first time that such a phenom- 
enon has been observed in a crystal. 

The representation of the reciprocal aniso- 


The two hyperbolic curves represent 
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affects the crystal differently in different direc- 
tions. (An atomic concentration of only 1:10* 
changes the susceptibility several percent.) 
The effect works, in all cases investigated, so 
as to increase the magnetic anisotropy of the 
crystal and to decrease the absolute values of 
the susceptibilities in all directions. 

d. The coefficient of temperature of the 
magnetic anisotropy of the crystal is changed 
very much by foreign atoms so as to cause a 
large decrease with increasing temperature. 

The effects c and d are illustrated by the 
diagrams 1 and 2. In Fig. 1 the anisotropy 
(x1. /X\) is plotted against temperature (C°). 
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tropy X), X. as function of the temperature as 
chosen in Fig. 2 is much simpler. The values 
form a family of straight lines, each corres- 
ponding to a certain concentration of foreign 
atoms (given in atomic percents). It is re- 
markable that all intersect each other, if ex- 
trapolated beyond the melting temperature 
of Bi, in one point. The lines follow the rela- 
tion: 
xi/XL=R=Ry—B (To—T), 

where T is the absolute temperature, 7) the 
“critical” temperature of the impurities, i.e. 
the temperature at which the presence of 
foreign atoms would no longer have influence 
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wn 
~I 
i) 


upon RX (if the crystal had not already melted), 
Ro is the reciprocal anisotropy at To, and 8 is 
the coefficient of temperature of R. At 


T’ =To—Ro/B 


the crystal diamagnetism parallel to the axis is 
destroyed to such an extent as to balance the 
atomic paramagnetism completely (R=0), 
below T’ the crystal as a whole is metamag- 
netic. 

It seems to be important that TJ) be inde- 
pendent of the type of impurity (as far as Pb 
and Sn are concerned), whereas 8 depends on 
the concentration as well as on the kind of the 
foreign atom. The values of the constants are: 


Ro =0.95 +0.03 
To =813° +5°K 


T’=270°K for Bi saturated 
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with Sn (ca. 3 at. percent). 

Bry calculated per atom present in the crys- 
tal is smaller than 8s,, hence a metamagnetic 
crystal could not be produced with Pb within 
the accessible range of temperature, though 
there is but little doubt that the inversion oc- 
curs at sufficiently low temperatures as well. 

The investigation will be continued with 
special regard to the relation of the reported 
phenomena to the type of secondary structure 
observed in bismuth crystals.‘ 

A. GOETZ AND 
A. B. Focke 
Norman Bridge Laboratory of Physics, 
California Institute of Technology, 
September 12, 1931. 


4 A. Goetz, Proc. Nat. Acad. 16, 99. (1930). 








OCTOBER 15, 1931 PHYSICAL REVIEW VOLUME 38 


BOOK REVIEWS 


Grundlagen der Praktischen Optik. M. Berek. Pp. 152, figs. 63. Walter de Gruyter and 
Company, Berlin, 1930. Price, R.M. 13. 


The considerations of lens design which are of importance in practice are discussed in 
greater detail than in the usual treatise on geometrical optics, much of the material of purely 
academic interest being omitted. This has enabled the author to write a highly useful book 
without going into a bulky volume. A concise discussion of the general properties of optical 
systems, particularly the aberrations and their determination by ray tracing, is presented in the 
first four chapters. Following this, Seidel’s theory of the third order aberrations is presented and 
applied to various problems in lens design. The properties of many of the well-known types of 
lenses are analyzed. It is noteworthy that the notation throughout is unambiguous and that a 
list of all the symbols used is given at the close of the book. This volume gives a splendid intro- 
duction to the subject of practical optics, a field in which the author has distinguished himself. 

JosePH VALASEK 
University of Minnesota 


Der aufbau der Kupfer-Zinklegierungen. O. BAVER AND M. Hansen. Cloth, pp. 150, 
8 x 11”, 172 figs. Julius Springer, Berlin, 1927. Price 20 R.M. 


This monograph is a very complete treatise on the copper-zinc alloys, particularly the con- 
stitution diagram of these alloys. 

The first 83 pages are given to a very comprehensive review and critical discussion of the 
entire literature on the subject. Pages 84 to 140 report an investigation which is primarily con- 
cerned with the alloys containing more than 50 percent of zinc. 

In writing up this research the authors have paid special attention to parts of the diagram 
which were not well established by previous investigations. Results are extensively illustrated 
by very good photomicrographs, numerous tables and drawings. 

Their findings from their research and their interpretation of the researches of others have 
been used to draw a revised constitution diagram, which is described in detail as to the various 
fields, position of curves, and the reactions taking place at different temperatures and concen- 
trations. 

The collection of the bibliography of 156 references adds materially to the value of the 
monograph. ... 

Oscar E, HARDER 
Battelle Institute 


Lehrbuch der Metallkunde des Eisens und der Nichteisenmetalle. Cloth, pp. 462,9 x 6’, 
399 figs. Julius Springer, Berlin, 1929. Price 29 R.M. 


The author has divided the book into two parts; the first part of 288 pages is “general,” 
and the second part of 162 pages is “special,” of which 113 pages are given to ferrous materials 
and 50 pages to nonferrous. The first part may be described as the principles and methods of 
physical metallurgy, although more than the usual amount of attention is given to the mechan- 
ical properties, especially of the pure metals. 

The first 153 pages discuss pure metals under the following general headings: state of 
metals 23 pages, x-ray crystallography 29, physical properties 12, and mechanical properties 89. 
Réntgenography and mechanical properties are given more than the usual amount of attention. 
These sections are treated in a more extensive and more fundamental way than in any English 
book which has come to the reviewer's attention. Apparatus, method of testing, and interpre- 
tation of results are discussed sufficiently to make this publication of special interest to workers 
in these fields. 
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Then follows 30 pages on constitution or equilibrium diagrams, 26 pages on methods of 
determining such diagrams, and 25 pages on the physical and mechanical properties of alloys 
as related to their constitution, and 11 pages on chemical properties and corrosion of alloys. 

Pages 257 to 288 discuss te hnical processes, such as casting, working by rolling, pressing 
and machining, welding, soldering, coating, etc. This section is rather a departure trom the 
general theme of the text. 

In the second part pure iron, cast iron, plain carbon, and alloy steels and various steel 
treating processes are discussed, pages 289 to 401. Equilibrium diagrams and microstructures 
are used extensively and to good advantage. The material is well chosen and logically presented, 
and this section has much information in the limited amount of space. 

The nonferrous metals—copper, aluminum, nickel, zinc, tungsten -and the alloys of cop- 
per-zine, copper-tin, copper-aluminum, copper-nickel, noble metals and their alloys, pressure 
casting alloys, bearing metals, solders, amalgams, aluminum casting alloys, magnesium alloys, 
and age-hardening of alloys make the remainder of the text. This section is not up to the quality 
of the other sections, and some of the subjects are treated in a very sketchy and inadequate way, 
for example, noble metals and noble metal alloys, and especially copper-aluminum alloys. 

The author has brought together in a single volume much valuable information and has 
furnished abundant references to original literature. This book should be a valuable reference 
as a starting point in a study of most of the subjects covered. Unfortunately for the American 
student, the German literature is cited more than the English. There is also some use of Landolt- 
Bornstein in cases where there are more recent researches, as for example, in Fig. 154. This 
treatise might lend itself well to use as a text for beginning students, providing they have a col- 
lege education, but is rather difficult for undergraduates who are just beginning a study of 
metals and alloys. A translation of the book should have a good reception. 


(See review by E. Fetz, Metals and Alloys, Vol. 1, No. 10, p. 484, April, 1930.) 
Oscar E, HARDER 
Battelle Institute 


Der Aktive Stickstoff. H. O. Keser. A chapter of volume 8 of Ergebnisse der Exakten 


Naturwissenschaften., Pp. 229-257, figs. 12. Julius Springer, Berlin, 1929. 


This chapter gives a complete and concise review of the subject of active nitrogen. It is 
divided into twelve parts, corresponding to different aspects of the problem, as for example, 
production of active nitrogen, chemical properties, spectrum, etc. This makes the review very 
readable and of value, not only to those readers who are interested in the physical properties 
of active nitrogen, but also to those who wish to use active nitrogen as a tool. There is also a 
bibliography containing 87 references, some as late as 1929, 

JosEPH KAPLAN 
University of California at Los Angeles 
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PREPARATION OF PRELIMINARY ABSTRACTS 


An article will not be accepted for publication in Tue Puysicat Review unless the 
manuscript is accompanied by an adequate abstract for publication at the beginning 

of the article. This abstract is intended to aid the reader by furnishing an index and 

a brief summary of the contents of the article. Besides serving these purposes it 

should also be suitable for reproduction in abstract journals so as to make it un- 

necessary for the editors of these journals to have another abstract prepared. 





As an index it should be complete; all the subjects, major and minor, concerning | 
which new information is presented, should each be given, with sufficient precision 

so that any reader can tell from the abstract whether the article contains anything 

of interest to him. The subject indexes of abstract journals are fundamental in refer- 

ence work. These indexes are prepared exclusively from the abstracts and whatever 

is omitted from the abstracts cannot be included in the index and may thus be lost. 

The writer of an abstract should therefore feel himself under an important obligation 

to his scientific colleagues to make sure that the abstract is accurate and complete, at 

least as an index. 


As @ summary the abstract should give briefly the conclusions of the article, important 





advances in experimental technique and theory, and all numerical results of general i 
interest that may be conveniently given including all that might belong in a hand- 
book and table of contents. It should give all the information that readers who are ; 


not specialists in the particular field involved might desire to know about the article 
thus saving them the time and trouble in referring to the article itself. Experience 
has shown that in general the length of the abstract should be from four to eight 
percent of the length of the article. 


Tue Puysicat Review, 1923-1925, contains many examples of adequate abstracts. : 
Most of these contain paragraph titles and subtitles which indicate the subjects 
concerning which new information is given and it is required that authors include 
such subtitles when all the information contained in the article does not refer to the 
subject indicated by the title of the article. Such subtitles may be frequently avoided 
by rewording the title so as to make it more precise. 
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